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ABSTRACT 
IRON SPECIATION IN IIYDROMORPIIIC SOILS 
DERIVED FROM RED PARENT MATERIALS 
SEPTEMBER 1993 
MOHAMMAD MAIIINAKBARZADEH 
B.S., UNIVERSITY OF TABRIZ, IRAN 
M.S., UNIVERSITY OF MASSACHUSETTS 
Ph.D., UNIVERSITY OF MASSACHUSETTS 
Directed by: Professor Peter L. M. Veneman 
In the northeastern region of the United States a significant acreage of soils 
inherited distinct reddish colors due to high iron concentrations. This study aimed to 
evaluate the chemical, morphological, and micromorphological effects of reducing soil 
conditions on the speciation of iron minerals through a series of field and laboratory 
studies. 
Hematite and goethite were identified as dominant iron minerals in the well- 
drained and moderately well drained sites. In poorly drained sites, goethite, 
ferrihydrite, and lepidocrocite were identified. Soil micromorphological observations 
indicated that well oriented argillans constituted almost 10.8% of the total area in the 
Bt horizon of the well-drained site. In the poorly drained site, ferrans, iron nodules, 
and grain cutans were not evident. Qualitative identification of ferrous iron using 
Vll 
a,a - dipyridyl indicator was not possible in the well-drained and the poorly drained 
sites during the later part of the growing season due to the dryness of the upper part 
of the soil profile. 
Red soil material was used in column studies to investigate the effects of 
different environmental variables on iron speciation. The results indicated that high 
temperatures, organic carbon, microbial activity, and long saturation periods resulted 
in a chemically reducing environment. In the column studies, lepidocrocite was 
identified as a dominant iron mineral. The effect of lactate, hence of organic matter, 
was evident as a variable affecting Fe reduction. 
Alternating wetting and drying cycles in columns with lactate solution and 
treated for more than 14 weeks, resulted in Eh values that were significantly lower 
as compared to columns which were either treated at shorter time periods or at lower 
temperatures. Redoximorphic feature development was greater in columns treated at 
higher temperatures, with lactate solution, and for longer periods of saturation. 
Ferrous iron was qualitatively identified using a,a - dipyridyl in all column soils 
regardless of treatment. 
X-ray diffraction patterns revealed that the formation of lepidocrocite was 
related to the presence of chemically reducing conditions. Such environments were 
simulated in columns treated with lactate solution, higher temperatures, and longer 
duration. 
vm 
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CHAPTER I 
INTRODUCTION 
Soil color has been of interest to soil scientists as an indicator of soil formation 
processes. It is used in many soil classification systems including Soil Taxonomy 
(Schwertmann, 1985). Soil colors are easily observed within soil pedons and serve 
as quantitative and qualitative indicators of specific chemical, physical, and biological 
processes (Birkeland, 1984). Soil color may be a reflection of mineralogy, organic 
matter content and intensity of biophysicochemical activities occurring within the soil 
pedon. In particular, organic matter, and iron mineralogy and speciation affect soil 
color. 
Organic matter is responsible for the dark-brown coloration of the topsoil in 
mineral soils. Reddish, reddish-brown, and yellowish-brown subsoil colors are related 
to the presence of hematite, goethite and limonite respectively. Red and brown-yellow 
colors are indicative of more highly oxidized soils, while gray, olive, and bluish color 
patterns are indicative of wet soil conditions due to the absence of iron or the 
presence of reduced iron minerals. 
Soil color is influenced by the soil moisture regime. Soil drainage classes, i.e. 
well-drained, moderately well drained, somewhat poorly drained, poorly drained, and 
very poorly drained are defined based on morphological features which are used to 
estimate depth to water saturated soil. Under the different soil environmental 
conditions, iron may be either reduced or oxidized. Localized leaching and/or 
1 
precipitation may result in the formation of mottles. The position and intensity of 
mottle patterns qualitatively indicate seasonal water table elevations. 
In partially saturated soils, oxidation-reduction reactions take place producing 
a mottled zone in which oxidation and reduction alternate and a permanently reduced 
zone which is gray to bluish green (Robinson, 1949). Under such conditions, ferric 
iron (Fe3+) is reduced to ferrous iron (Fe2+). This process is dependent on the soil 
temperature, redox conditions, and presence of electron donors (e.g. organic matter). 
Past soil moisture regime studies mostly have focused on the characterization of the 
morphology including mottling patterns (Simonson and Boersma, 1972; Vepraskas et 
al., 1974; Veneman etal., 1976; Guthrie and Hajek, 1979; Bouma, 1983; Franzmeier 
et al., 1983; Vepraskas and Wilding, 1983; Pickering and Veneman, 1984; Zobeck 
and Ritchie, 1984; Couto et al., 1985; Evans and Franzmeier, 1986; Ransam and 
Smeck, 1986;). More specifically, mottle or matrix colors with chromas of 2 or less, 
are assumed to be indicative of saturated and chemically reducing soil conditions. 
Soil moisture regimes, and specifically the aquic moisture regime, are usually 
characterized by the chroma of the soil matrix and the presence and/or absence of 
mottles (Soil Survey Staff, 1975). The aquic moisture regime implies a reducing 
environment that is virtually free of dissolved oxygen due to soil saturation by 
groundwater or by water of the capillary fringe (Soil Survey Staff, 1975). 
Low chroma colors are not always representative of the actual moisture 
regime. Some soil horizons may be saturated with water containing high amounts of 
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dissolved oxygen ; either because the water is moving rapidly, soil temperatures are 
low, or the environment is unfavorable for microorganisms (Soil Survey Staff, 1975). 
At other times, reduction processes in saturated horizons, are not pronounced enough 
to reduce Fe3+ (Bouma, 1983). In such soils, the process of gleyzation could be 
delayed due to the presence of dissolved oxygen, low organic matter content, 
insufficient temperature for microbial activity, and short duration of the period of 
saturation. These soils usually have chromas higher than 2. 
In some New England soils, saturated conditions prevail yet may not be 
reflected in the soil morphology (Soil Survey Staff, 1990a). Soils with high organic 
matter contents throughout the soil profile, soils with high chroma parent materials, 
and soils with high iron content usually do not show low chroma colors even though 
the soil may have distinct periods of saturation and of chemically reducing conditions 
(Tiner and Veneman, 1989). Soil temperature, soil water activity, organic matter 
level, pH, and metallic substitution for iron in Fe oxides may influence and partially 
explain the distribution of reddish towards yellowish iron minerals in soils 
(Schwertmann, 1985). In New England, some soils inherited a distinct reddish color 
due to high iron concentrations (Tiner and Veneman, 1989). The inherited reddish 
materials may inhibit the formation of gray colored mottling patterns in wet soils. 
Typical aquic moisture regime criteria in Soil Taxonomy such as predominant low 
chroma colors within 50 cm do not apply in such cases, yet alternative taxonomic 
criteria are not presented (Soil Survey Staff, 1975). 
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The research reported in this dissertation aimed to evaluate the chemical and 
morphological effects of reducing soil conditions in red colored soils resulting from 
seasonal saturation. The significance of microbial activity and associated factors (pH, 
redox potential, temperature, and organic matter content), and abiotic factors on the 
soil morphology, particularly soil color, was assessed in a series of field and 
laboratory experiments using high chroma, red colored soils prevalent in the 
Connecticut Valley drainage basin. 
Objectives 
Specific objectives of this study were to: 
(1) determine physical, chemical, mineralogical, and micromorphological 
properties of the soils used in this study, 
(2) measure during a period of at least two years, redox potential, temperatures, 
soil moisture tensions, and water table elevations in selected pedons 
representing high chroma red soils, and relate the moisture regime to soil 
morphological features, 
(3) evaluate the effect of environmental parameters (i.e. microbial activity, 
temperature, moisture content, level of organic matter, and duration of water 
saturation) on iron mineralogy using laboratory column studies, and 
(4) determine the iron mineralogy and speciation, and 
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CHAPTER n 
LITERATURE REVIEW 
The presence of red, yellowish, and brown colors caused by different iron 
minerals and speciations, has been used as an indicator of oxidation. Reduction and 
removal of iron results in grayish colors characteristic of reduced and oxygen depleted 
soil conditions. 
Soil Morphology 
In Soil Taxonomy ( Soil Survey Staff, 1975) soil colors are used as a criterion 
to assess the soil moisture regime. For example, an aquic moisture regime is defined 
in general terms as a condition in which the soil is saturated and chemically reduced. 
Specific criteria, principally based on soil colors, are defined at the suborder and 
subgroup level (Soil Survey Staff, 1990a). 
Schwertmann and Taylor (1989) summarized the typical forms of soil iron 
minerals, including Hematite (a - Fe203), Maghemite (7 - Fe203), Magnetite (Fe304), 
Goethite (a - FeOOH), Lepidocrocite (7 - FeOOH), Feroxyhite (6 - FeOOH), and 
Ferrihydrite (5Fe203. 9H20). Lindsay (1979) indicated that in general, the stability 
of Fe(III) oxides in soil decreases based on these reactions: 
Fe(OH)3(amorp) > Fe(OH)3(soU) > 7-Fe,03(maghemite) > rFeOOH(lepidocrocite) 
> a-Fe203(hematite) >a-FeOOH(goethite). (Table 2.1) 
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Table 2.1 Equilibrium reactions and reaction contents of selected iron minerals. 
Equilibrium Reaction log Kc 
Fe(OH)3(mKp, + 3H- ** Fe3+ + 3H20 3.54 
Fe(OH)3(#oiI) + 3H+ <=> Fe3^ + 3H20 2.70 
l/27-Fe203 (maghemite) + 3H~ <=* Fe3* + 3/2H20 1.59 
7-FeOOH Oepidocrocite) + 3H+ «=* Fe3* + 2H20 1.39 
l/la-Y^O, (hematite) + 3H' Fe3* + 3/2H20 0.09 
a-FeOOH (goethite) + 3H+ <=> Fe3+ + 2H20 -0.02 
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The conditions dictating which form of iron will be stable can be determined 
from thermodynamic data. The most important variables for determining speciation 
of Fe are the solution concentrations of Fe3+ and Fe2+, pH, Eh, and H20 activities. 
If other compounds like carbonate, sulfide, silicate, or phosphate compete with Fe 
oxides, then these should be considered as well. Figure 2.1 shows the formation 
pathways of common Fe oxides in soils (Schwertmann and Taylor, 1989). To fully 
understand the pedogenic environments for various Fe oxides, the kinetics and 
mechanisms of formation must be studied. 
Organic matter content, temperature, redox conditions, and time have been 
indicated as factors influencing the chroma of mottles and matrix colors (Dobos et al., 
1990). Matrix chroma generally decreased when organic matter content increased. 
The decrease in chroma of mottles and matrix with increased organic carbon content, 
temperature and time, was related to a decrease in the amount of iron oxide minerals. 
Vepraskas and Wilding (1983) evaluated aquic moisture regimes in Alfisols in 
Texas. They reported that chroma colors of 3 or less on ped surfaces indicated an 
aquic moisture regime. Their results showed that the aquic moisture regime definition 
in Alfisols based on the morphological criterion of chromas less or equal to 2, as 
defined in Soil Taxonomy (Soil Survey Staff, 1975) underestimated the true moisture 
condition. 
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Fig. 2.1 Formation pathways of common Fe oxides in soils (after Schwertmann 
and Taylor, 1989). 
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Vepraskas et al. (1974) studied soil mottling and drainage characteristics in a 
Wisconsin soil to evaluate the suitability for on-site sewage disposal in fine-silty soils 
with mottled patterns in the subsoil. They reported that the larger pores were 
dominantly air-filled, whereas the ped interiors were saturated for an extended period 
of time. This situation resulted in reducing conditions within the peds and low chroma 
ped interiors related to iron reduction and translocation. 
Franzmeier et al. (1983) studied color patterns in association with water table 
levels in Indiana soils. Their findings indicated that horizons having dominantly gray 
colors (chroma = 1 or 2) in the matrix or on ped coatings (argillans), were saturated 
much of the year. They also reported that some saturated and presumably reduced 
horizons had chromas of 3 in the matrix, argillans or mottles. 
Couto etal. (1985) investigating factors affecting oxidation-reduction processes 
along a transect in Oxisols in Brazil, showed that even if soil color and morphology 
did not present any evidence of wetness or poor drainage, some soils were saturated. 
The high iron soils exhibited neither low chroma mottles (2 or less) nor any other 
indication of reducing soil conditions. 
Moisture regimes and morphological characteristics along a hydrosequence in 
Massachusetts were studied by Pickering and Veneman (1984). Results indicated high 
chroma matrix colors (6 or higher) in well-drained soils. Lowest chromas were 
reported in very poorly drained soils along the hydrosequence. The results indicated 
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that mottling patterns related mostly to the duration of seasonal saturation and the 
fluctuation in soil temperature. 
Water tables and water chemistry characteristics in seasonally wet soils of 
southeastern Ohio were studied to relate changes in soil-water chemistry to differences 
in season and depth of saturation (Ransom and Smeck, 1986). The range of pH values 
was essentially constant with depth. Dissolved oxygen (DO) contents ranged 
significantly within subhorizons. The widest range of Eh values occurred in the 
uppermost part of the soils studied. A significant negative correlation between Eh and 
pH was reported. Correlation between ferrous iron and other variables revealed a 
significant negative correlation with Eh for the soils studied. 
Evans and Franzmeier (1986) evaluated the relationship of soil saturation, 
aeration, and color patterns in a toposequence of Indiana soils to determine the effect 
of geomorphology and stratigraphy on the soil-water oxygen regime, how water and 
oxygen (O2) was reflected in soil color patterns, and the use of soil color patterns as 
an indicator of the soil moisture regime. The investigators proposed three water/02 
regimes: (1) saturated-reduced, (2) saturated-oxidized, and (3) nonsaturated-oxidized. 
They emphasized that "reduced" refers to soils with chroma of 2 or less in the matrix, 
mottles or argillans; and "oxidized" refers to soils with no gray colors in the entire 
ped. Efforts have been underway to devise a numerical index of saturation/aeration 
in Mollisols and Alfisols in Indiana based on soil morphology with respect to the 
water saturation depth and dissolved oxygen content in soil water (Evans and 
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Franzmeier, 1988). The results showed that several conditions were required for soil 
iron reduction: (1) iron oxide minerals must be present; (2) microbial organisms must 
be present; (3) temperatures must be warm enough for these organisms to be active; 
and (4) an energy source for the microorganisms, usually soil organic matter, must 
be available. The results indicated that in the lower part of profiles, the color 
sometimes did not respond to saturation, probably because of lack of organic matter. 
These deep horizons in saturated soils tended to be redder or browner than horizons 
higher in the profile. 
Hydraulic conductivity and seasonal patterns of water content were measured 
and related to soil formation processes in Mollisols and Alfisols in Indiana to 
characterize water regimes and develop a model explaining the relationship of soil 
formation and soil land-use (Harlan and Franzmeier, 1974). 
Moore and Patrick (1989) studied the redox chemistry of Fe under saturated 
conditions in acid-sulfate soils of Thailand in relation to Fe uptake by rice. Faulkner 
et al. (1989) oudined procedures to determine redox potential, soil oxygen content, 
and hydrology for identifying areas functioning as wetlands. Patrick and Henderson 
(1981) developed an apparatus to maintain packed soil cores under a wide range of 
redox conditions to determine Fe and Mn speciation. 
Zobeck and Ritchie (1984) examined the variability of water table elevations 
to determine the minimum number of observation years needed to adequately describe 
water table fluctuations in a hydrosequence in Ohio. In that study, the relative long- 
11 
term (10-yr) average water table levels were compared to shorter-term 5-, 4-, 3-, 2-, 
and 1-yr studies. The results showed evidence of higher deviations from the average 
water table for shorter-terms as compared to long-term periods. 
Soil color features associated with particular drainage classes were studied in 
Oregon by Simonson and Boersma (1972). The relationship of water table elevation, 
water regimes, morphological properties, and seasonal precipitation also was studied 
in Ultisols in Alabama (Guthrie and Hajek, 1979). The results revealed that 
fluctuations of the perched water table were related to the existence of plinthite in 
subsurface horizons. Over a long period, alternating reducing and oxidizing conditions 
contributed to the concentration of Fe in nodular plinthite in the B horizons. 
Numerous observations have revealed that the most important factor 
influencing the quantitative relationships between goethite and hematite were soil 
temperature, activity of soil water, soil pH, soil organic matter, and especially the 
release rates of Fe during weathering (Schwertmann, 1985). These factors partly 
explained the transition of reddish hematitic soils to yellowish goethitic soils. Taylor 
and Graley (1967) reported on the effect of increasing temperature on the formation 
of yellow soils (7.5 YR) from the original reddish soils (3.75 YR) on some Australian 
soils. The results indicated an increase in the ratio of goethite / hematite by increases 
in both rainfall and organic matter content with decreasing temperature. Generally, 
the ratio of goethite / hematite may be considered a useful index for the weathering 
rate of reddish soil as influenced by environmental factors. 
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In water-logged soils, Fe3+ acts as an electron acceptor that can be reduced to 
Fe2+. This reduction process is linked to iron reducing bacteria within the saturated 
soils, predominantly Bacillus and Pseudomonas species (Atlas and Bartha, 1987). 
Under 02-deficient conditions found in redoximorphic soils, the reduction of Fe3+ 
oxides occurs under the influence of microorganisms. Isolation of Fe3+-reducing 
microorganisms from different soils including gleys and pseudogleys, reveals that 
microorganisms most capable of reducing Fe3+ are either strictly or facultatively 
anaerobic bacteria (Schwertmann et al., 1986). These species include Pseudomonas 
(Ottow, 1968; Ottow and Glathe, 1971), Clostridium (Ottow, 1969), or Bacillus 
(Ottow and Glathe, 1971). 
The reducibility of different synthetic iron oxides was tested by Munch and 
Ottow (1980). The results indicated that soluble iron oxides in acid oxalate solution 
preferentially were attacked by the bacteria. In model experiments with synthetic 
Fe3+-oxides under anaerobic conditions (replacing air by N2-gas), Corynebacterium 
was isolated as a strain which controlled the reduction processes (Pfanneberg and 
Fischer, 1984). The redox-potential values of these experiments dropped to about -200 
mV at pH = 7. 
Soil Micromorphology 
The landmark publication, and perhaps the most important one in the area of 
soil micromorphology is the publication of the book Micropedology by W. L. 
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Kubiena in 1938 (Bullock et al., 1985). Kubiena’s book established the framework 
in the study of soil micromorphology. Soil micromorphology is the study of soil with 
the aid of a microscope in order to identify pedological features resulting from 
different soil formation processes. 
Studying pedological features and linking this information to field observations 
can provide a better understanding about the interactions of various soil processes. 
One of the major applications of soil micromorphology is relating soil morphological 
data to physical, chemical, and biological processes in hydromorphic soils (Bouma et 
al., 1990). In redoximorphic soils alternating oxidation-reduction processes provide 
visible pedological features associated with water fluctuations during different 
seasons. Water regimes and micromorphological characterizations related to surface- 
and groundwater in hydromorphic soils were discussed by Bouma et al. (1990). 
Reduction generally does not occur when water rich in oxygen is percolating through 
the soil unless the oxygen consumption is very high. The soil matrix also may be 
chemically reduced even at negative pressure heads near saturation when only 
macropores are filled with air. Vepraskas and Bouma (1976) in a model experiment 
showed that Mn was reduced and mobilized at pressure heads that were slightly 
higher than -10 cm. The results showed that without the reduction of Fe and Mn, no 
mobilization occurred. With reduction, movement of reduced compounds occurred by 
convection or by diffusion. Subsequent precipitation of Mn and Fe oxides occurred 
when a critical redox potential was reached. This phenomenon may occur near 
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macropores containing air or in the soil matrix which may contain air pockets or 
irregular pore configurations allowing the diffusion of air. 
Veneman et al. (1976) introduced three broad categories of moisture regimes 
and associated macro-and micromorphological features: (1) saturation for short 
periods; in this case periods of saturation did not exceed one day and reduction of Mn 
but not Fe occurred; (2) saturation for periods of several days causing reduction of 
both Fe and Mn. The soil was characterized by low chroma ped interiors due to the 
migration of iron to ped edges and large air-filled planar voids, and ped and channel 
neoferrans indicating the oxidation of mobilized iron adjacent to these voids; and (3) 
saturation for periods of several months; in this case iron was reduced adjacent to the 
large pores and migrated towards the aerated ped interiors where it became oxidized. 
Gray iron-depleted zones (neoalbans) adjacent to voids and ped edges and quasi- 
ferrans were the dominant micromorphological features. 
The micromorphology of iron minerals from bog ores occurring along many 
small Belgian rivers was investigated by Landuydt (1990). The iron ores along the 
rivers were formed in hydromorphic, structureless soils developed in loamy sands and 
clayey alluvial deposits. The micromorphology revealed the presence of several 
pedofeatures consisting of goethite and ferrihydrite. Goethite mostly formed coatings 
on walls of voids, and ferrihydrite together with goethite occurred as nodules in 
cracks and planar voids. Although goethite and ferrihydrite were the dominant iron 
minerals in the oxidized part of the profile, vivianite was sometimes present as void 
15 
infillings, or as coatings in an iron crust. The succession of ferric-ferrous-ferric iron 
minerals occurring during different periods of the year was related to temporal 
changes in the redox potential in the different horizons. Despite their complex 
mineralogy, the systematic micromorphological study of the bog iron ores provided 
very useful information related to their genesis. 
Rabenhorst (1990) studied the effects of introducing reactive Fe sources into 
a marsh containing an excess of soluble sulfides. Duplicate soil samples from a Bt 
horizon containing 5.21 % of dithionate-citrate-bicarbonate (DCB) extractable-Fe were 
placed inside a non-reactive fabric container at different depths within the marsh and 
redox potentials were monitored during the two-year study. Macroscopic observations 
revealed the presence of black coatings around the outer edge of some samples due 
to the accumulation of FeS. Micromorphological studies showed that the FeS is a 
strong pigment causing the matrix to be colored dark brown to black. By exposing 
thin sections to atmospheric oxygen, FeS oxidized and the black color disappeared 
and became lighter. Further results indicated that the existence of FeS may be related 
to sulfate reducing conditions. The homogeneous distribution of FeS throughout the 
matrix suggests that S2' can diffuse through the micropores. In contrast, FeS2 (pyrite) 
formation was associated exclusively with larger voids (Rabenhorst, 1990). 
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Identification of Iron Minerals Using Selective Chemical Extractants 
Iron minerals, in general, are in the form of either organically-bound Fe, 
amorphous Fe, or crystalline Fe. McKeague et al. (1970) found that these forms of 
Fe can be separated using different extractants. He reported data for synthetic Fe- 
fulvic acid complexes, amorphous hydrous Fe oxides, and crystalline Fe oxides, and 
showed that the Fe extracted by 0.1 M Na4P207 was largely organic Fe. The 
difference between oxalate and pyrophosphate extractable Fe was a measure of 
amorphous inorganic Fe, and dithionate minus oxalate extractable Fe provided an 
estimate of more or less crystalline Fe-oxides. 
The conditions dictating which form of iron will be stable can be determined 
from thermodynamic data. The most important variables for determining speciation 
of Fe are the solution concentrations of Fe3+ and Fe2+, pH, Eh, and H20 activities. 
Other compounds like carbonate, sulfide, silicate, or phosphate which compete with 
Fe oxides, should be included as well. 
By applying selective dissolution techniques, different phases of Fe minerals 
(crystalline and non-crystalline) can be separated to estimate their concentration 
(Borggaard, 1988). The following three extraction methods are commonly used: 
Pyrophosphate 
Potassium or sodium pyrophosphate solutions have been used for estimating 
Fe and Al present in soils as part of organic complexes (McKeague, 1967). The main 
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problem with this method is the presence of suspended materials in the extracts 
(Ballantyne et al., 1980; McKeague and Schuppli, 1982). The amount of extractable 
Fe is affected by the time and speed of centrifugation, pH, and the potassium or 
sodium salt used. Nevertheless, this method can be used for quantitative determination 
of Fe in organic complexes. 
Oxalate 
This is a useful method to extract the active fraction of Fe oxides from the soil. 
In this technique ammonium oxalate at pH 3 in the dark is used to estimate 
amorphous, non-crystalline or poorly ordered Fe oxides or clays in soil. 
Dithionate-Citrate-Bicarbonate (DCB) 
This solution is a powerful reductant which reduces Fe3+ to Fe2+ at pH below 
9-10. As dithionate in solution loses its reducing properties, the citrate-bicarbonate 
acts as a ligand to prevent precipitation of the dissolved iron. 
Recently, a new dissolution method designed to measure the abundance of free 
Fe oxide phases and associated elements in soils and sediments was tested (Ryan and 
Gschwend, 1991). The method uses a ternary complex of Ti(lll), citrate, and 
ethylenediaminetetraacetate (EDTA) as a reductant and bicarbonate as a proton 
acceptor. The Ti(Ul)-citrate-EDTA-HC03 complex dissolved more synthetic 
amorphous ferric oxide and goethite than the DCB method. 
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Considering the different dissolution methods, we can conclude that due to the 
complex nature of Fe phases in the soil, it is generally impossible to identify 
speciation solely by dissolution techniques. However, this fractionation may aid in the 
subsequent identification of Fe phases using X-ray diffraction. Loveland (1988) 
summarized the common methods for selective dissolution to determine Fe. 
Identification of Iron Minerals Using X-ray Diffraction Analysis 
Identification and quantification of Fe oxides using X-ray diffraction (XRD) 
is difficult for two reasons: (1) the Fe oxides usually make up only a small percentage 
of the samples, and (2) some of the Fe oxide peaks (i.e. ferrihydrite) are very broad 
and are difficult to recognize when peaks of other minerals are present (Schulze, 
1981). 
Diffractograms of a sample before and after extraction treatment should be 
identical except for the peaks which disappear after the treatment. Subtraction of this 
pattern from previous (untreated) diffractograms will indicating the specific Fe oxides. 
Schulze (1981) reported that because of the removal of Fe oxides using selective 
extraction, the remaining minerals are more concentrated, hence the XRD patterns 
from the treated sample will show greater intensity than that of the untreated sample. 
To accomplish this, all the points in the pattern from the treated sample must be 
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multiplied by a fraction that is less than unity using the following mathematical 
expression: At - KBt = C, 
where Ai9 B{, and C, are the number of counts at angle i in the untreated and 
subtracted spectra respectively, and K is the scale factor (Schulze, 1981). The value 
of K can be determined by an empirical procedure. For example, in the typical XRD 
and differential XRD (DXRD) patterns an empirical K value of 0.80 has been 
demonstrated. 
Differential X-ray diffraction provides a technique for more detailed 
characterization of Fe oxides in soils. The presence of 2% or less Fed (dithionate 
extractable iron) as goethite, hematite, or both can be detected by DXRD. Also, 
DXRD patterns can show that Fe dissolution by the oxalate treatment (Fe0) was in the 
form of mineral ferrihydrite which has peaks at 0.25, 0.22, 0.19, 0.17, and 0.15 nm. 
Identification of ferrihydrite using XRD has been investigated by Schwertmann 
et al. (1982). Ferrihydrite is considered a poorly crystalline natural Fe3+ oxide with 
a composition of 5 Fe203.9H20. The structure of this mineral is made up of layers 
of octahedrons with Fe in the center and O, OH, and OH2 as ligands. The a- 
dimension of the hexagonal unit cell is the same as hematite (0.508 nm) but the c 
value is two-thirds that of hematite (0.94 instead of 0.138 nm). Ferrihydrite has been 
identified in brown, gel-like precipitates when water become oxygenated. 
In order to identify ferrihydrite, oxalate-extractable Fe (Fe0) and DCB- 
extractable Fe (Fed) is determined. XRD diffraction is performed using CoKa 
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radiation with a 1-degree divergence slit, a 0.2-mm receiving slit, and a 1-degree 
scatter slit. Since the oxalate solubility of goethite, hematite, and lepidocrocite is low 
(goethite — hematite < lepidocrocite), it can be postulated that what is dissolved by 
oxalate in 2 hours is mainly ferrihydrite. The results of XRD show that the untreated 
samples consist of peaks due to goethite and quartz with a broad asymmetric peak 
between 30 and 43° 26, suggesting the presence of ferrihydrite. The pattern from 
oxalate treated samples is dominated by goethite and quartz peaks. The DXRD pattern 
clearly shows peaks diagnostic for ferrihydrite at 0.25, 0.22, 0.197, 0.171, and 0.15 
nm (Schwertmann et al., 1982). 
Brady et al. (1986) studied acid mine drainage and reported that the isolated 
ferrihydrite (Chukhrov et al., 1973) from ochrous precipitates found near sulfate 
mines is related to the rapid oxidation of Fe2+ by acidophilic bacteria. To characterize 
the Fe phases in the minerals, samples were treated by oxalate (Fe0) and DCB (Fed). 
Samples were step-scanned from 10° to 65° 26 at 0.05°26 increments using CuKa 
radiation. The DXRD pattern of untreated samples yielded reflections due primarily 
to goethite and quartz and a broad peak between 30 and 37°20 indicating the presence 
of other poorly crystallized Fe-oxides. To evaluate the presence of goethite, a rapid 
15-minute oxalate extraction in the dark was performed. This procedure removed 
78% of the total reductant-soluble Fe (Fed) and removed most of the goethite. Further 
treatment with oxalate for 2 hours left a residue of detrital quartz and phyllosilicates. 
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DXRD patterns displayed diffractions normally associated with the poorly ordered Fe- 
oxides, such as ferrihydrite and feroxyhite. 
Preferential microbial reduction of hematite over goethite was reported in a 
Brazilian oxisol hydrosequence (Macedo and Bryant, 1989). X-ray diffraction and 
chemical extraction techniques were used to differentiate iron oxides. Due to the 
addition of sucrose serving as a carbon source to soil samples, hematite was 
preferentially reduced and removed by microbial action and hence showed some 
decrease in the integrated areas under the d104, d110, and d113 peaks of hematite. 
Distribution and characterization of non-crystalline inorganic components in 
spodosols was investigated by Kodama and Wang (1989). Differential XRD patterns 
of samples from the B horizons showed broad peaks at 0.33, 0.25, 0.22, 0.17, and 
0.15 nm indicating the presence of allophane and ferrihydrite. 
Clarke et al. (1985) studied the crystallization of Fe oxides on calcitic surfaces 
in static and stirred systems in order to model the important processes in aqueous, 
geologic, and pedogenic environment related to Fe oxides. XRD analysis showed that 
the crust formed at the calcitic surface contained crystalline lepidocrocite as well as 
less-crystalline goethite. In static systems, lepidocrocite was the dominant phase, but 
in stirred systems goethite was the dominant product. This phenomenon was 
associated with the different rates of precipitation on the surface of calcite. 
Karim (1984) studied the characteristics of ferrihydrite formed by the oxidation 
of FeCl2 solutions containing different amounts of silica. XRD patterns of ferrihydrite 
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showed that the oxidation of the 0.5 M FeCl2 solution first yielded lepidocrocite with 
a Si/Fe ratio of 8.3 x 10'3. By increasing this ratio to Si/Fe = 18 x 10'3, ferrihydrite 
was formed that could be distinguished at 0.254, 0.224, 0.198, 0.173, 0.151, and 
0.147 nm. This sample also contained small amount of lepidocrocite and goethite. At 
a ratio of Si/Fe = 35.6 x 10'3, all of the ferrihydrite lines were weaker and broader 
and no lepidocrocite or goethite was present. The crystalline ferrihydrite formed at 
Si/Fe = 18 x 10'3. Interestingly enough, the XRD pattern of this sample did not change 
after oxalate treatment, indicating that the well-crystallized Si-containing ferrihydrite 
was only pardy soluble in oxalate. The role of Si in the oxalate solubility of 
ferrihydrite is not well understood. 
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CHAPTER HI 
EXPERIMENTAL APPROACH 
In order to evaluate the study objectives, a series of experiments were 
conducted either in the field or in the laboratory. The materials and methods used to 
assess each of the objectives are briefly described below. 
Objective 1 was studied at a site located in the town of Southwick (Hampden 
County) Massachusetts. The site is situated on a drumlin representing a catena 
including the Wethersfield (Typic Dystrochrepts), Ludlow (Aquic Dystrochrepts), and 
Wilbraham (Typic Endoaquepts) series which are well-drained, moderately well 
drained, and poorly drained soils respectively. Five profiles were selected along two 
perpendicular transects. Soil profiles were described in accordance with the Soil 
Survey Manual (Soil Survey Staff, 1990b). Soil samples, including bulk and clod 
samples, were collected from representative horizons for chemical, physical, 
mineralogical, and micromorphological analyses. Details of the analytical techniques 
used are provided in chapter IV. Physical analysis included particle size distribution, 
bulk density, and water retention properties. Chemical properties including soil pH, 
cation exchange capacity (CEC), base saturation, organic matter content, extractable 
Fe, Al, and Mn were determined using conventional methods. 
Speciation of the iron minerals was assessed by X-ray diffraction methods 
(objective 4). Different forms of iron were selectively extracted allowing for more 
detailed characterization of the Fe oxides. Iron mineralogy was determined in 
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samples collected from different horizons of the soils studied (objective 1) as well as 
from the samples subjected to different environmental condition as studied under 
objective 3. Mineralogical analysis was conducted to characterize clay mineralogy 
using X-ray diffraction. To evaluate the major elements including Si, Ti, Al, Fe, Mn, 
Mg, Ca, Na, K, and P quantitatively, X-ray fluorescence analysis was employed on 
samples from different horizons. Heavy mineral analysis was applied to soil samples 
collected from selected horizons. Micromorphology was evaluated through the study 
of soil thin sections from selected horizons. Thin section studies were conducted using 
a petrographic microscope under plain and polarized light. Micromorphological 
features were described using terminology developed by Brewer (1964). 
Objective 2 was evaluated in a series of field measurements conducted over a 
period of two years. To evaluate the relationship between soil morphology and the 
soil moisture regime, the two transects (5 locations) described and sampled under 
objective 1 were equipped with monitoring wells, tensiometers, redox probes, 
thermistors, and lysimeters assessing seasonal groundwater elevation, soil water 
potential, redox potential, soil temperature, and soil water composition respectively. 
Study details are described in chapter V. 
Objective 3 was evaluated through a series of laboratory column studies under 
environmentally controlled conditions including the effect of microbial activity, 
temperature, moisture content, level of organic matter content, and duration of water 
saturation. Columns were packed with red soil and the changes under the different 
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treatments were assessed in duplicate. Redox potential, Fe2+ concentrations, and pH 
measurements were periodically measured and changes in the soil morphology were 
studied after 10, 14, and 28 weeks respectively. This included both 
macromorphological assessment of the soil as well as micromorphological study of 
soil thin sections. Details of this part of the study are presented in chapter VI. 
Data from the field and laboratory studies were analyzed to evaluate the 
relationship between soil morphology and various environmental variables. The 
different parameters were analyzed statistically by multiple regression analysis (see 
chapters VI) for details. Overall study results are discussed and summarized in 
chapter VII. 
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CHAPTER IV 
SITE AND SOIL CHARACTERIZATION 
Introduction 
The origin of the red beds of the Connecticut Valley has been a controversial 
geologic issue. Van Houten (1973) indicated that the red beds may have formed 
wherever sediments accumulated in an oxidizing environment because most of the 
sand and silt grains are stained with iron minerals. Walker (1976) indicated that 
fluvial strata can become progressively reddened by hematite generated by post 
depositional dissolution of Fe-silicate grains, especially amphibole, pyroxene, epidote, 
chlorite, and biotite. Brown and yellow-brown limonite evidently stained the surfaces 
of sand and mud particles and converted to hematite by aging. Hubert and Reed 
(1978) summarized the formation of the red beds in Connecticut Valley. Post- 
depositional processes are: (1) brown and yellow-brown limonite stains on sand and 
mud particles which under oxidizing environment converted to hematite with aging, 
(2) intrastratial solution of Fe-silicate grains, especially pyroxene, amphibole, epidote, 
chlorite, and biotite generated about 3% by volume of hematite, and (3) in the red 
beds most of the magnetite grains are oxidized to hematite, and a small portion of 
ilmenite grains are oxidized to hematite-rutile. 
The material reported in the following chapter aimed to physically, chemically, 
and morphologically characterize the soil used during subsequent phases of the 
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project. This characterization serves to establish the basic soil properties which may 
become altered as a function of experimental conditions. 
Materials and Methods 
Site Description 
The study site is located on a drumlin in the town of Southwick (Hampden 
County) in western Massachusetts close to the border with Connecticut. The site 
represents a catena including the Wethersfield, Ludlow, and Wilbraham series (Fig. 
4.1). Wethersfield soils are classified as coarse-loamy, mixed, mesic Typic 
Dystrochrepts. They are deep, well-drained, and formed in glacial till derived from 
reddish sandstone and shale of Triassic age. Ludlow series are classified as coarse- 
loamy, mixed, mesic Aquic Dystrochrepts. They are deep and moderately well 
drained. The Ludlow series formed in the same parent materials as the associated 
Wethersfield soils and the poorly drained Wilbraham soils. Wilbraham soils are 
classified as coarse-loamy, mixed, mesic Typic Endoaquepts. They are deep and 
poorly drained. 
Five pedons representing the Wethersfield, Ludlow, and Wilbraham series 
were selected along two transects. Pits (1.5m x 1.5m x 1.5m) to permit sampling 
and description of the morphology were excavated in each pedon either by backhoe 
or by hand. 
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Fig. 4.1 Physiography of Massachusetts. Study location is indicated by an 
asterix. 
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Soil profile descnpoocis ( see Appendix) were prepared lining standard 
errmnok*gv i Soil Survey Staff. 1990a). Pedolegic features and macromorphology of 
eadi horizon was exarmned by the naked eye and a 10 x magnifying glass. 
Soil samples including bulk samples, clod samples, and samples for thin 
section analysis see soil rmcromcrphology section'' were collected from each horizon. 
Bulk samples approximately 2 kg from each horizon) were used for general soil 
chemical and physical analysis, while clod samples were used for bulk density and 
mcismre characteristic analysis for each horizon. Samples were stored in labeled 
plastic bags. 
Soil Physical Properties 
Particle vfrp analysis, bulk density, and moisture retention were determined 
for samples selected from representative horizons of the well-drained V* ethers field 
fine sandy loam, the moderately well drained Ludlow fine sandy loam, and the poorly 
drained Wilbraham fine sandy loam. 
Particle size analyses were conducted using the pipet method. After removal 
of organic matter by boiling for 30 minutes in ILCX, 50 grams of air-dried samples 
were dispersed using 125 ml of 5 % Na-hexametaphosphate solution. The sand fraction 
(> 50 fim) was removed from the initial sample by wet sieving. The removed sand 
fractions were fractionated to very coarse sand (2000-1000 /xm), coarse sand (1000- 
500 /xm), medium sand (500-250 pm), fine sand (250-100 /xm), and very fine sand 
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(100-50 The silt and clay fractions (< 50 jiim) were placed in sedimentation 
columns and the silt and clay fractions were determined upon sedimentation by 
applying Stokes’ Law. The percentage of each fraction was plotted on the textural 
triangle to determine the textural class. 
Bulk density was determined from clod samples (approximately 70 cm3 each) 
collected from representative horizons. After measuring the air-dried volume, the 
clods were saran coated. Weight and volume of saran coated samples were determined 
and used for estimating bulk density of the fine fraction (< 2 /xm) using a computer 
program developed by Lindbo (1990). 
Moisture retention was measured using clod samples. Dry clods were cut in 
half using a diamond saw while wrapped in a piece of fabric. The flat surface of the 
samples was put on a ceramic plate in a vacuum container and saturated from the 
bottom up for 24 hours. The mass of the saturated samples was measured prior to 
placement in the moisture extraction apparatus. The surface of the ceramic plate was 
covered with a thin layer of kaolinite and soft tissue to provide a better hydraulic 
contact. Saturated samples were put on the pressure device and the moisture content 
of the samples was measured at 30, 50, 100, 200, 300, 500, and 1500 kPa 
respectively. 
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Soil Chemical Properties 
Soil pH was measured using an 1:1 suspension of water (80a)1 and IN KC1 
(8Clc) with 20 g of soil. Extractable cations including K, Ca, Mg, and Na were 
analyzed in IN ammonium acetate extract (methods 602a, 6N2e, 602d, and 6P2a 
respectively) using atomic absorption. Cation exchange capacity (CEC) and base 
saturation (50) were determined using buffered ammonium-acetate (5Ala). Iron, A1 
and Mn content were measured using atomic absorption in dithionate-citrate (6C2b, 
6G7a, and 6D1) and sodium pyrophosphate (6C5a, 6G5a) extracts respectively. 
Organic matter content was measured by the wet oxidation method using the modified 
Mebius procedure (Nelson and Sommers, 1982). 
Elemental Analysis Using X-ray Fluorescence (XRF) 
To quantitatively evaluate the major elements including Si, Ti, Al, Fe, Mn, 
Mg, Ca, Na, K, and P, X-ray fluorescence analysis was conducted on soil samples 
collected from different horizons of the various pedons. The X-ray fluorescence 
analysis was performed with a Siemens SRS running with LiF (100) crystal, fine 
collimator and scintillation counter, and operating with an Au-tube at 60 kV, between 
the angles of 22° and 39° 20. 
1 Numbers refer to the methods described in "Soil Survey Laboratory Methods and Procedures for 
Collecting Soil Samples"; Soil Survey Report No. 1, U.S. Dept. Agric. 1972. 
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Iron Mineralogy Using X-ray Diffraction 
Iron mineralogy in the soils was studied using X-ray diffraction after 
appropriate pretreatments. Representative soil samples obtained from horizons of the 
well-drained Wethersfield fine sandy loam, the moderately well drained Ludlow fine 
sandy loam, and poorly drained Wilbraham fine sandy loam were dispersed 
ultrasonically in distilled water after the pH was adjusted to 10 using NaOH. Soil 
samples of the < 2 /xm were obtained using fractionation by sedimentation and 
centrifugation. The samples were pretreated using dithionate-citrate-bicarbonate 
(Mehra and Jackson, 1960) and acid ammonium oxalate (McKeage et al., 1970). 
Samples were saturated with K, air dried and smeared onto petrographic slides. 
Prepared slides were analyzed using a Siemens type F goniometer X-ray diffraction 
unit using CuKa radiation at 45 kV and 18 mA running from 25 ° to 60° 26 at 0.1 26 
per second. 
Clay Mineralogy 
X-ray diffraction (XRD) analysis was conducted to characterize the clay 
mineralogy of the soils studied. Samples of selected horizons in each of the pedons 
studied were separated by size and the < 2 /xm fraction was treated to remove 
carbonates and soluble salts using sodium acetate adjusted to a pH 5. Organic matter 
was removed using H202, and free iron oxides were removed using sodium dithionate- 
citrate-bicarbonate (Mehra and Jackson, 1960). Treated samples of the < 2 /xm 
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fraction, saturated with the appropriate K and Mg solutions, were smeared onto glass 
slides, air dried, and analyzed using XRD (Whitting and Allardice, 1986). Samples 
saturated with Mg were further treated with ethylene glycol. K-saturated samples 
were heated to 550 C for two hours to evaluate the presence of expandable clay 
minerals. Samples were analyzed with a Siemens X-ray diffraction unit using CuKa 
radiation at 45 kV and 18 mA running from 2° to 30° 26 at 0.05° 26 per second. 
Diffraction patterns were evaluated with the computerized "JADE" program. 
Identification of the minerals was based on peak spacing and intensity (Moore and 
Reynolds, 1989). 
Soil Micromorphology 
Soil thin sections from selected horizons were prepared for microfabric 
analysis. Soil samples were collected by carefully pushing 5 x 5 x 2.5 cm 
galvanized boxes into vertical exposures of selected soil horizons. The soil around the 
inserted frames was trimmed away to avoid soil disturbance and the outside was 
marked to indicate origional sample orientation. Samples were air-dried for at least 
one month followed by impregnation with Spurr embedding agent under partial 
vacuum (0.08 MPa of suction) and allowed to cure (Lindbo, 1990). Hardened samples 
were cut in half using a diamond saw. One half of the cut samples was mounted on 
a frosted petrographic slide, and cut and polished to a thickness of approximately 30 
jLtm. The other half of the cut sample was used for subsequent scanning electron 
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microscope analysis. The finished thin sections were studied with a petrographic 
microscope using plain and polarized light. Micromorphological features were 
described using the terminology by Brewer (1964). The modal distribution pattern of 
pedological features was evaluated based on approximately 1000 point counts per slide 
using a petrographic microscope in selected horizons of pedons including the well- 
drained Wethersfield fine sandy loam, moderately well drained Ludlow fine sandy 
loam, and poorly drained Wilbraham fine sandy loam. 
Scanning Electron Microscopy 
To further investigate the micromorphological and pedological features 
related to the Fe minerals, the other half of the thin section samples were used for 
scanning electron microscopy (SEM). SEM analysis on selected, carbon coated thin 
sections was conducted using a C AMEC A SX50 running at 15 KV with a Faraday 
Cup and a current of 15 nA. Energy dispersive analysis prepared with a Princeton 
Gamma Tech system was conducted to assess the relative percentage of iron in any 
particular iron bearing mineral and compared with known minerals. 
Heavy Mineral Analysis 
Quantity and occurrence of heavy minerals were determined in selected 
horizons of the well-drained Wethersfield soils and the poorly drained Wilbraham 
soils. The 2-50 fxm soil fractions were separated by sieving and overnight agitating 
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in 2% sodium bicarbonate solution at pH = 9.5. After air-drying, the heavy minerals 
in each sample were separated by placing the treated samples into tetrabromethane 
(TBE) solution inside a separatory funnel. Separation of the heavy minerals was 
completed within 2 hours. The heavy minerals concentrated at the bottom of the 
separatory funnel were removed by opening the oudet attached to the funnel. The 
removed samples were air-dried inside a hood with appropriate ventilation. Air-dried 
samples were mounted onto petrographic glass slides using Canada Balsam. Prepared 
samples were covered by glass again using Canada Balsam. The mounted samples 
were evaluated using a petrographic microscope equipped with a click point counter. 
Point counting was conducted along several transects by counting approximately 400 
points (Lindbo, 1990). Heavy minerals including garnet, amphibole, and tourmaline 
were counted and expressed as a percentage of the total. To evaluate the relative 
weathering intensity in each horizon, the ratio of tourmaline/(gamet + amphibole) 
was calculated for individual horizons. 
Results and Discussion 
Soil Physical Properties 
The sampling site is located in the physiographic zone of the 
Connecticut River Valley which has been repeatedly affected by glaciation over the 
last few million years (Lindbo, 1990). The stratigraphy and depositional facies of the 
study site is related to the Hartford basin rift valley that comprise a linear system of 
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2,000 km in length.The conglomerate and sandstone accumulated in the region 
interbedded with red mudstone, reddish brown sandstone and siltstone (Hubert and 
Reed, 1978). 
Particle size analysis in the well-drained Wethersfield fine sandy loam 
indicated that the coarse fragment content is low in the Ap horizon as compared to 
the subsurface horizons. The highest percentage of coarse fragments was found in the 
C horizon. In the Btl and Bt2 horizons the percentage of clay was high in comparison 
to the C horizon. From the Ap horizon downwards, the percentage of sand tended to 
increase. In the moderately well drained Ludlow fine sandy loam the sand content 
tended to increase from the Ap horizon downwards. It reached to the highest value 
in the Bt horizon. The silt fraction was highest in the C horizon. Particle size analysis 
in the poorly drained Wilbraham fine sandy loam indicated that the silt content in this 
pedon generally was higher than that of the well-drained and moderately well drained 
members of the catena. Conversely, the percentage of clay content generally was 
lower in this pedon. The sand content tended to increase from the A horizon 
downwards reaching a maximum value in the 2C2 horizon. 
Bulk density tended to increase gradually from the Ap horizon of the 
well-drained site downwards. Bulk density in the Ap horizon was determined to be 
1.18 gem'3 to 2.07 gem'3 in the C horizon. In the moderately well drained site the Ap 
horizon had a bulk density of 1.19 gem'3 and the C horizon 1.96 gem3. In the poorly 
drained site the bulk density ranged between 1.17 to 2.14 gem 3. The lower horizons 
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of all pedons indicated the presence of a somewhat denser and weakly cemented 
hardpan (Table 4.1). 
The water holding capacity of the Bw horizon in the well-drained site 
was greater than that of other subsurface horizons. The C horizon had the lowest 
water holding capacity. The water holding capacity of the Bt2 horizon was greater 
than that of the Btl horizon in the range between 0 to -30 kPa. Between -30 to -300 
kPa, the Btl horizon tended to hold more moisture. Within the range of -300 to -1500 
kPa, water retention capacity in the Bw horizon stayed constant, while in the C 
horizon it tended to decrease. The water holding capacity range between -30 to -1500 
kPa from the Bw to C horizon was almost 15% by weight (Fig. 4.2). 
In the moderately well drained site the water holding capacity of the 
Bw2 horizon was the highest within the rage of 0 to -30 kPa. The C horizon had the 
lowest water holding capacity values. Within the range of -30 to -1500 kPa, the water 
retention capacity tended to stabilize in all horizons. The difference in water holding 
capacity in the -30 to -1500 kPa range in the Bw to C horizon was almost 3% by 
weight (Fig. 4.3). 
In the poorly drained site the water holding capacity was highest in the 
A horizon. The 2C2 horizon had the lowest values. Within the range of -30 to -300 
kPa, the water holding capacity of the A horizon tended to be constant. As the water 
potential decreased, the water holding capacity decreased. The same observation was 
valid in the Bw horizon. The water holding capacity of the Cg and 2C2 horizons 
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(Wethersfield) soil. 
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Fig. 4.3 Moisture characteristic curves for selected horizons of the moderately 
well drained (Ludlow) soil. 
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tended to be constant at decreasing water potentials. The difference in water holding 
capacity in the -30 to -1500 kPa range from the Bw to C horizon was almost 22% by 
weight which was significantly higher as compared to the well-drained and moderately 
well drained sites (Fig. 4.4). 
Soil Chemical Properties 
The pH-H20 ranged from 6.15 to 6.55 in the well-drained Wethersfield 
fine sandy loam. The pH range with KC1 and CaCl2 solutions was 3.73-4.52 and 
4.87-5.52 respectively. The highest and lowest pH values were found in the Bt2 and 
C horizons respectively. In the moderately well drained Ludlow fine sandy loam, the 
pH-H20 ranged between 6.1-6.53. The pH values using KC1 and CaCl2 were 4.1-4.7 
and 5.1-5.8 respectively. The Bt horizon had the highest pH values, whereas the 
lowest pH values were found in the C horizon. In the poorly drained Wilbraham fine 
sandy loam, the pH-H20 varied between 5.01-5.52. pH-KCl and pH CaCl2 ranged 
between 3.69-4.08 and 4.17-4.49 respectively. The pH of the 2C2 horizon had the 
highest pH values, whereas this value was lowest in the A horizon. 
In the well-drained site, the percentage of organic carbon (OC) varied 
between 0.25-4.49. The highest and lowest values for organic carbon content were 
found in the Ap and Btl horizons respectively. In the moderately well drained site, 
the values were almost identical to that of the well-drained site with a range between 
0.13-4.26%. The OC content in the Bt horizon was 0.17%, and in the Ap horizon 
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Fig. 4.4 Moisture characteristic curves for selected horizons of the poorly 
drained (Wilbraham) soil. 
43 
4.26%. In the poorly drained site, the OC content ranged from 3.88% in the A 
horizon to 0.06% in the 2C2 horizon. The OC content in the Cg horizon was 0.15 
percent. 
In the well-drained site, the Na+ concentration varied between 0.043- 
0.454 cmol Kg'1. The highest and lowest values were found in the C and Btl horizons 
respectively. The K+, Ca2+, and Mg2+ content in the well-drained site ranged from 
0.293-0.693, 0.345-0.925, and 0.5-1.68 cmol Kg'1 respectively. In general, the basic 
cation content was highest in the C horizon. In the moderately well drained site the 
Na+, K+, Ca2+, and Mg2+ contents ranged between 0.013-0.119, 0.364-0.697, 0.325- 
0.925, and 0.85-1.88 cmol Kg'1 respectively. In the poorly drained site, the range of 
concentration of Na+, K+, Ca2+, and Mg2+ contents varied between 0.019-0.128, 
0.102-0.353, 0.047-0.33, and 0.016-0.2 cmol Kg'1 respectively. Cation exchange 
capacities were calculated based upon summation of basic cations expressed as cmol 
Kg'1 of soil. There was a negative correlation between the base saturation and 
extractable acidity. 
In the well-drained site, dithionate-citrate-bicarbonate (DCB) extraction 
methods showed higher iron values as compared to the oxalate and pyrophosphate 
extraction methods. The total Fe contents ranged between 0.49-0.78% using the DCB 
method. The Fe extracted with oxalate and pyrophosphate methods ranged from 0.06- 
0.19% and 0.05-0.15% respectively. Regardless of treatment, Fe contents were 
highest in the Btl horizon and lowest in the Ap horizon. In the moderately well 
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drained site the DCB-Fe ranged between 0.42-0.48 percent. The oxalate and 
pyrophosphate extracted Fe varied between 0.07-0.12% and 0.04-0.21 % respectively. 
The highest extracted Fe value was found in the Bt horizon. In the poorly drained 
site, the DCB extractable Fe ranged between 0.12-0.29%. Oxalate and pyrophosphate 
extractable Fe varied between 0.12-0.32% and 0.07-0.12% respectively. The highest 
extractable Fe value was found in the Bw horizon, whereas the Cg horizon had the 
lowest extractable Fe (Table 4.2). 
Elemental Analysis Using X-ray Fluorescence (XRF) 
Elemental analysis of the soil constituents was performed to evaluate 
possible losses or gains of different elements occurring within each pedon. An 
assessment of the trends and magnitude of such constituents provides an understanding 
of weathering processes taking place within each soil profile. Table 4.3 summarizes 
the percentages of the major soil elements within each horizon of the different pedons. 
In the well-drained Wethersfield fine sandy loam a gradual decrease in 
Si was observed from the upper horizons downwards to the C. The Ti concentrations 
remained virtually constant with depth. Concentrations of A1 increase from the upper 
horizons downwards and there appears to be a negative correlation between Si and 
Al. The Fe content decreases uniformly from the upper horizon downwards. The 
maximum percentage of Fe occurs in the C horizon. The percentage of Mn does not 
change within the profile. Mg, Na, and K show an increasing trend from the upper 
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horizons downwards. The Ca concentration shows a slight decrease in the Btl and Bt2 
horizons as compared to the other horizons. Phosphorus is present in the lowest 
amounts and its concentration does not change significantly within the soil profile. 
In the moderately well drained Ludlow fine sandy loam a decreasing 
trend in Si was found from the upper horizons downwards except in the Bw2 and C 
horizons. The percentage and distribution pattern of Ti was almost similar to that of 
the well-drained site. Aluminum showed the highest and the lowest concentrations in 
the Bt and the Ap horizons respectively. A negative correlation again was observed 
between the percentage of Si and Al. Highest and lowest percentages of Fe were 
found in the Bt and Ap horizons respectively. Manganese showed a slight percentage 
increase in the Bt horizon, otherwise, its percentage was uniformly distributed within 
profile. Highest and lowest percentages of Mg were found in the Bt and Ap horizons 
respectively. The percentages of Ca, Na, and K appeared to increase from the Ap 
horizon downwards. Highest values for Ca, Mg, and K were observed in the C and 
Bt horizons respectively. Phosphorus exhibited the lowest concentrations of all major 
elements and its distribution pattern remained almost the same in the entire profile. 
Results of the elemental analysis in the poorly drained Wilbraham fine 
sandy loam indicated that the lowest percentage of Si occurred in the Cg horizon. The 
concentration of Ti was highest in the upper horizons. The highest and lowest 
percentages of Al occurred in the Cg and 2C2 horizons respectively. A negative 
correlation again was observed between the percentages of Si and Al in this profile. 
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Iron concentrations were highest in the Bw horizon. The distribution pattern of Fe 
within the profile, except the Bw horizon, was uniform. The highest percentage of 
Mn was found in the 2C2 horizon. The highest values for Mg, Ca, Na, and K were 
observed in the Cg horizon. Phosphorus again had the lowest concentration and its 
distribution was uniform in the entire profile. 
In regional comparisons of soil weathering intensity based on chemical 
data, the molar ratios of Si/Al, Si/Al + Fe, and (Mg + Ca + Na + K)/Si are 
frequently used as an index of weathering and degree of leaching (Birkeland, 1984). 
The ratios in essence display the trends of the depletion of relatively soluble elements. 
In a predominantly leaching environment these ratios tend to decrease. Table 4.4 
shows these ratios calculated from the chemical data obtained from the individual 
pedons. 
The indices indicated a low weathering intensity in the well- drained site 
(Wethersfield fine sandy loam) as compared to the poorly drained site (Wilbraham 
fine sandy loam). In the well-drained site, the lowest Si/Al, Si/Al + Fe, and (Mg + 
Ca -I- Na -I- K)/Si ratios were obtained in the Cl horizon. In the moderately well 
drained site (Ludlow series), the lowest ratios were found in the Bt horizon. In the 
poorly drained site, a trend of decreasing ratios indicated a downward movement from 
the upper horizons. The highest ratios were obtained for the 2C2 horizon. The results 
indicated that the poorly drained soil has a higher weathering intensity as compared 
to the well-drained and moderately well-drained sites. These conclusions coincide with 
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evidence related to the formation and assemblage of clay minerals within the different 
soil profiles in study sites (Chapter IV), the examination of soil thin sections under 
a petrographic microscope (Chapter IV), and the results of scanning electron 
microscopy (chapter IV). 
Iron Mineralogy Using X-ray Diffraction 
The X-ray diffraction patterns from the A horizon in the Wethersfield 
fine sandy loam showed a (003) illite peak at 0.336 nm. The peak at 0.330 was 
related to lepidocrocite. Goethite and hematite peaks were identified at 0.244, 0.197 
nm, and 0.220, 0.184 nm respectively. X-ray diffraction patterns from the Btl 
horizon exhibited a (102) cristobalite peak at 0.284 nm. The peak at 0.270 nm was 
related to goethite/hematite minerals. Goethite and hematite peaks were identified at 
0.197 and 0.184 nm respectively. Diffraction patterns in samples from the Bt2 
horizon indicated illite and lepidocrocite peaks at 0.336 and 0.330 nm respectively. 
A relatively intense peak of goethite was identified at 0.220 nm. Peaks related to 
hematite did not show high intensity. X-ray diffraction patterns obtained from the C2 
horizon showed cristobalite and goethite/hematite peaks at 0.284 and 0.270 nm 
respectively. The only other significant identified peak was related to hematite at 
0.184 nm (Fig. 4.5). 
X-ray diffraction patterns obtained from the Bw horizon of the 
moderately well drained Ludlow fine sandy loam indicated well pronounced peaks of 
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Fig. 4.5 X-ray diffraction patterns of iron minerals in selected horizons of the 
well-drained (Wethersfield) soil. Iillite (I), lepidocrocite (LEP), 
cristobalite (C), goethite/hematite (G/H), goethite (G), and hematite (H) 
were identified. Samples were extracted with acid ammonium oxalate 
prior to X-ray analysis. 
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cristobalite and goethite/hematite at 0.284 and 0.270 nm respectively. A low intensity 
peak of lepidocrocite was identified at 0.197 nm. Less well crystallized peaks of 
hematite were identified at 0.252 and 0.169 nm. Well expressed peaks of hematite 
were indicated at 0.184 nm. The X-ray diffraction patterns from the Bt2 horizon were 
almost identical to that of the Bw horizon. In the C horizon well crystallized peaks 
of cristobalite and goethite/hematite peaks were identified at 0.284 and 0.270 nm 
respectively. Distinct peaks at 0.220 and 0.184 nm were related to goethite and 
hematite respectively (Fig. 4.6). 
X-ray diffraction patterns derived from the Bw horizon of the poorly 
drained Wilbraham fine sandy loam showed distinct peaks of illite and lepidocrocite 
at 0.336 and 0.330 nm respectively. Less well crystallized peaks of goethite were 
identified at 0.244, 0.226, and 0.220 nm. Pronounced peaks of ferrihydrite were 
found at 0.225 and 0.150 nm. The hematite peak was recognized at 0.184 nm. X-ray 
diffraction patterns derived from the Cg and 2C2 horizons yielded almost similar 
results. Peaks of illite and lepidocrocite were identified at 0.336 and 0.330 nm 
respectively. Peaks at 0.244, 0.226, 0.197 nm were related to goethite. Ferrihydrite 
peaks were present at 0.225 and 0.150 nm. The 0.184 nm peak was the only 
identifiable hematite peak (Fig. 4.7). 
Recognition of different pedoenvironmental factors which control Fe 
transformation pathways is important. The formation paths of different Fe oxides 
were presented previously in Chapter II. The pedoenvironmental conditions which 
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Fig. 4.6 X-ray diffraction patterns of iron minerals in selected horizons of the 
moderately well drained (Ludlow) soil. Lepidocrocite (LEP), 
cristobalite (C), goethite/hematite (G/H), goethite (G), and hematite (FT) 
were identified. Samples were extracted with acid ammonium oxalate 
prior to X-ray analysis. 
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Fig. 4.7 X-ray diffraction patterns of iron minerals in selected horizons of the 
poorly drained (Wilbraham) soil. Illite (I), lepidocrocite (LEP), goethite 
(G), hematite (H), and ferrihydrite (F) were identified. Samples were 
extracted with acid ammonium oxalate prior to X-ray analysis. 
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control the mode of formation of any particular iron oxide in a soil or soil sequence 
are summarized graphically in Fig. 4.8. Among the pedoenvironmental factors 
influencing iron mineral speciation are temperature, water activity, organic matter 
content, availability of 02, Fe2+ concentrations, pH, and Eh. The goethite-hematite 
association was investigated by Schwertmann and Taylor (1989). The results indicated 
that low temperature, high water activity, and high organic matter content favor 
goethite formation and may be responsible for the relative absence of hematite in soils 
of cool or temperate zones. The influence of soil moisture activity on the ratio of 
hematite to goethite was investigated along a toposequence of Oxisols in central Brazil 
(Curi and Franzmeier, 1984). Results indicated that the drier upland soils were red 
and hematitic, contrasting with yellow and hematite-free valley soils. Moister and 
cooler soils often are rich in organic carbon. It is possible that organic carbon directly 
affected the ratio of goethite and hematite formation. The widespread occurrence of 
yellow topsoil over red subsoils suggests that in the presence of organic matter, 
goethite formation may be favored over that of hematite (Schwertmann and Taylor, 
1989). Although goethite can form from either Fe2+ or Fe3+, the Fe2+ appears to be 
necessary for lepidocrocite formation. The factors controlling the ratio of goethite to 
lepidocrocite also are related to the partial pressure of C02. Schwertmann and 
Fitzpatrick (1977) indicated that goethite concentrations were higher in the vicinity 
of roots, while lepidocrocite concentrated further away. The association 
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Fig. 4.8 Pedoenvironmental factors affecting iron mineral formation. 
Temperatures (T), water activity (W), organic matter (OM), oxygen 
(O), pH, Eh, C02, Fe2+, and Si concentrations were recognized as 
important factors. 
57 
of ferrihydrite to goethite and lepidocrocite was investigated by Chukhrov et al. 
(1973); Schwertmann and Fischer 0973); Carlson and vSchwertmann 0981). Their 
results indicated that the occurrence of ferrihydrite was closely related to the 
concentration of Fe2+ which was rapidly oxidized in the presence of high 
concentrations of organic matter or silica. The presence of ferrihydrite appears to 
indicate that the environmental conditions are not suitable for crystal development. 
In this case, the formation of well crystallized goethite may be retarded favoring the 
formation of ferrihydrite. 
X-ray diffraction patterns derived from selected horizons in the well- 
drained soil revealed that the abundance of goethite decreased downward as compared 
to hematite. It appears that hematite was mostly inherited from the initial parent 
material. The other possibility is that organic matter affected the ratio of goethite to 
hematite. The occurrence of yellow topsoil over red subsoils was evident. The 
presence of lepidocrocite in the A horizon can be related to the dissolution of iron 
bearing minerals and the transformation of these minerals in the presence of sufficient 
sinks of Fe2* with proceeding oxidation. In the Bt2 horizon the appearance of 
lepidocrocite was related to the greater period of saturation due to the presence of an 
underlying hardpan. Such a condition created a perched water table for long periods 
of time resulting in a greater reduction of iron minerals. The reduced form of iron 
provided conditions suited to lepidocrocite formation. The uniform distribution of 
goethite and hematite in the moderately well drained soil indicated environmental 
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factors favorable for the formation of goethite and hematite. The absence of 
lepidocrocite appeared to be a reflection of the lack of reduced iron and water activity 
enhancing lepidocrocite formation. The occurrence of lepidocrocite in the lower 
horizons of the poorly drained site reflect an environment containing sufficient Fe2+ 
and having a higher water activity. The occurrence of ferrihydrite in these horizons 
was related to the presence of sufficient amounts of organic matter and/or silicate. 
These compounds possibly hindered the formation of goethite and hematite. 
Clay Mineralogy 
Clay minerals are the products of weathering of primary and secondary 
minerals. The type of ions and their molar concentrations are determining which clay 
minerals are formed. Clay minerals are phyllosilicates built with Al-octahedrons and 
Si-tetrahedrons layers. Clay minerals are differentiated based on the number of 
octahedron and tetrahedron sheets in each unit layer and the geometrical arrangement 
of Si, Al, Fe, Mg, O, and OH in the structural units. Clay minerals including 1:1, 
2:1, 2:1:1, and also mixed layer clays, can be identified using X-ray diffraction 
techniques. 
Clay minerals, upon formation, may not be stable under the present 
environmental conditions and may be altered depending on which environmental 
conditions prevail within the soil profile. Clay mineralogy may be used as a 
pedoenvironmental indicator of soil horizon development. The distribution pattern of 
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clay minerals within a soil profile is related to the chemical and physical conditions 
and often are strongly affected by the soil drainage conditions. 
To interpret the X-ray diffraction patterns some standard rules are 
followed. The air-dried samples of mica have a basal spacing near 1.0, 0.5, and 
0.333 nm related to the (001), (002), and (003) planes respectively. Glyeolation or 
glycerol solvation of Mg-saturated samples and heating of K-saturated samples to 
550 °C reveals a stronger 1.0 nm peak if illite is present. The peak remains unchanged 
in comparison to the air-dried samples. A basal spacing of 1.415 nm of Mg-saturated, 
initially air-dried samples of vermiculite indicates the presence of two water layers 
adsorbed to the interlayers. Because the interlayer H20 in vermiculite is influenced 
by the type of cations in the interlayer position, different basal spacings are obtained 
with different saturation processes. Since K+ and NH4+ have the proper dimensions 
to fit into the hexagonal holes in the tetrahedral sheet and they dehydrate easily, air- 
dried samples of vermiculite saturated with such cations collapse to near 1.0 nm 
(Esligler and Pevear, 1988). The basal spacings of Mg-saturated trioctahedral 
vermiculite varies between 1.32 - 1.61 nm. Chlorite has a basal spacing of 1.4 nm 
and could be confused with vermiculite. One of the conventional ways of 
differentiating between chlorite and vermiculite is by glycolating the samples. The K- 
saturated chlorite shows no changes after the heating treatment at 550 C whereas, 
the basal spacing of K-saturated vermiculite collapses to 1.2 nm. X-ray patterns 
obtained at room temperature from HIV are similar to chlorite. However, incomplete 
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infilling of hydroxy-Al-interlayering results in the lack of stability of the 1.4 nm peaks 
when the K-saturated specimen is heated to 550°C. In Fe-rich chlorites, this 
phenomenon is evident. The heat causes collapse or partial collapse of the 1.4 nm 
peak towards 1.0 nm. The relative degree of this phenomenon may indicate the 
degree of infilling or interstratification (Bamhisel and Bertsch, 1989). 
X-ray diffraction patterns in air-dried samples of the Ap horizon in the 
well-drained site showed peaks of vermiculite for (001) and (002) planes at 1.47 and 
0.71 nm respectively. Illite peaks were identified at 1.01, 0.5, and 0.335 nm for 
(001), (002), and (003) planes respectively. Peaks at 0.43 and 0.32 nm were related 
to the presence of quartz and lepidocrocite. Ethylene glycolated samples were not 
significantly different from air-dried samples. K-saturated and heated samples showed 
evidence of decreasing peak intensity of (001) vermiculite to 1.4 nm from an initial 
peak of 1.47 nm. The (002) vermiculite peak was eliminated in the heated samples. 
The peaks related to the illite remained unchanged in the heated sample. In the heated 
sample, the quartz peaks remained unchanged but the peak intensity of lepidocrocite 
decreased slightly (Fig. 4.9). 
X-ray diffraction patterns obtained from the Bw horizon showed more 
pronounced vermiculite peaks at 1.46, 0.72, 0.45, and 0.35 nm for the (001), (002), 
(003), and (004) planes respectively. Illite was recognized at 1.02, 0.5, and 0.335 nm 
for the (001), (002), and (003) planes respectively. Peaks at 0.43 and 0.32 nm were 
related to quartz and lepidocrocite. In the ethylene glycolated samples, there were no 
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Fig. 4.9 X-ray diffraction patterns of clay minerals in the Ap horizon of the 
well-drained (Wethersfield) soil. Vermiculite (V), illite (I), quartz (Q), 
and lepidocrocite (LEP) were identified. (001), (002), and (003) refer 
to the crystallographic planes. (1), (2), and (3) indicate air-dried, 
glycolated, and heated samples respectively. Samples were extracted 
with acid ammonium oxalate prior to X-ray analysis. 
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significant changes in the vermiculite and illite peaks. The K-saturated and heated 
samples revealed that the intensity of the (001) vermiculite peak decreased to 1.44 nm 
and the (002), (003), and (004) vermiculite peaks almost collapsed. The illite peaks 
remained unchanged in the heated sample. In the heated sample, the quartz peaks 
remained unchanged but the peak intensity of lepidocrocite decreased slightly (Fig. 
4.10) . 
The Btl horizon showed vermiculite peaks at 1.47, 0.72, 0.45, and 0.35 
nm for the (001), (002), (003), and (004) planes respectively. Illite peaks in this 
horizon were sharp at 1.02, 0.5, and 0.336 nm for the (001), (002), and (003) planes 
respectively. Peaks at 0.43 and 0.32 nm were related to quartz and lepidocrocite. 
Glycolation affected the vermiculite peaks slightly in comparison to the initial air- 
dried sample. Illite peaks remained unchanged after glycolation. Glycolation resulted 
in an expanded peak at 1.25 nm which was related to mixed illite/vermiculite layers. 
K-saturated and heated samples showed evidence of a decreasing (001) vermiculite 
peak and collapsing of the (002), (003), and (004) vermiculite peaks respectively. The 
peak at 1.25 nm related to the mixed illite/vermiculite layers disappeared with 
heating. The intensity of the illite peaks remained unchanged after heating of the K- 
saturated samples. The intensity of the peak related to lepidocrocite decreased 
significantly in the heated sample, but the quartz peak remained unchanged (Fig. 
4.11) . Initially samples in the Bt2 horizon showed very similar results to ones derived 
from the Btl horizon (Fig. 4.12). 
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Fig. 4.10 X-ray diffraction patterns of clay minerals in the Bw horizon of the 
well-drained (Wethersfield) soil. Vermiculite (V), illite (I), quartz (Q), 
and lepidocrocite (LEP) were identified. (001), (002), (003), and (004) 
refer to the crystallographic planes. (1), (2), and (3) indicate air-dried, 
glycolated, and heated samples respectively. Samples were extracted 
with acid ammonium oxalate prior to X-ray analysis. 
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Fig. 4.11 X-ray diffraction patterns of clay minerals in the Btl horizon of the 
well-drained (Wethersfield) soil. Vermiculite (V), illite (I), quartz (Q), 
and lepidocrocite (LEP) were identified. (001), (002), (003), and (004) 
refer to the crystallographic planes. (1), (2), and (3) indicate air-dried, 
glycolated, and heated samples respectively. Samples were extracted 
with acid ammonium oxalate prior to X-ray analysis. 
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Fig. 4.12 X-ray diffraction patterns of clay minerals in the Bt2 horizon of the 
well-drained (Wethersfield) soil. Vermiculite (V), illite (I), quartz (Q), 
and lepidocrocite (LEP) were identified. (001), (002), (003), and (004) 
refer to the crystallographic planes. (1), (2), and (3) indicate air-dried, 
glycolated, and heated samples respectively. Samples were extracted 
with acid ammonium oxalate prior to X-ray analysis. 
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Air-dried samples of the C horizon exhibited pronounced vermiculite 
peaks at 1.47, 0.72, 0.45, and 0.35 nm for the (001), (002), (003), and (004) planes 
respectively. Illite peaks in this horizon were well developed and sharp at 1.02, 0.5, 
and 0.336 nm for the (001), (002), and (003) planes respectively. Less well developed 
peaks at 0.43 and 0.32 nm were related to quartz and lepidocrocite respectively. An 
expanded peak at 1.25 nm was related to mixed layers of illite/vermiculite. 
Glycolation did not affect the vermiculite peaks significantly as compared to the initial 
air-dried sample. Illite peaks remained unchanged after glycolation. Glycolation did 
not result any expansion of the 1.25 nm peak related to the illite/vermiculite mixed 
layers. In K-saturated and heated samples almost all of the peaks related to 
vermiculite collapsed as well as the 1.25 nm peak related to the mixed 
illite/vermiculite layer. The intensity of the illite peaks remained unchanged after 
heating of the K-saturated sample. The intensity of the peak related to lepidocrocite 
decreased significantly in the heated sample whereas the quartz peak remained 
unchanged upon heating (Fig. 4.13). 
X-ray diffraction patterns derived from air-dried samples from the Ap 
horizon of the moderately well drained Ludlow series showed a pronounced peak of 
(001) vermiculite at 1.47 nm. Illite peaks were identified at 1.01, 0.5, and 0.335 nm 
for the (001), (002), and (003) planes respectively. Peaks at 0.43 and 0.32 nm were 
related to quartz and lepidocrocite. The effect of ethylene glycol on the expansion of 
clay minerals was evident on vermiculite at the (001), (002), (003), and (004) planes. 
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The peaks related to illite remained unchanged after glyeolation. The 0.43 nm quartz 
peak also remained unchanged after gly eolation. The intensity of the 0.32 nm 
lepidocrocite peak increased slightly due to the glycolation. The 550°C heated, K- 
saturated samples showed that most of the vermiculite peaks and the lepidocrocite 
peak collapsed upon to the heating. All of the peaks associated with illite and quartz 
minerals, however, remained unaffected by the heating (Fig. 4.14). 
Air-dried samples from the Bwl horizon revealed pronounced peaks of 
(001), (002), and (004) vermiculite at 1.45, 0.72, and 0.35 nm respectively. Illite 
peaks were identified at 1.02, 0.5, and 0.334 nm for the (001), (002), and (003) 
planes respectively. Peaks at 0.43 and 0.32 nm were related to quartz and 
lepidocrocite. After glycolation, the vermiculite peaks generally showed a slight 
expansion, whereas illite and quartz peaks remained unchanged. The 0.32 nm peak 
of lepidocrocite did not reveal significant expansion. K-saturated samples heated at 
550°C showed that most of the vermiculite peaks except the (004) plane, remained 
unchanged or showed a very slight decrease in intensity. This indicates that these 
peaks probably are closer related to chlorite rather than to vermiculite. All of the 
peaks related to illite, quartz, and lepidocrocite remained unaffected by heating (Fig. 
4.15.). 
Diffraction patterns obtained from the air-dried sample from the Bt 
horizon showed vermiculite peaks at 1.47, 0.72, 0.47, and 0.35 nm for the (001), 
(002), (003), and (004) planes respectively. A developing mixed illite/vermiculite 
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Fig. 4.14 X-ray diffraction patterns of clay minerals in the Ap horizon of the 
moderately well drained (Ludlow) soil. Vermiculite (V), illite (I), 
quartz (Q), and lepidocrocite (LEP) were identified. (001), (002), 
(003), and (004) refer to the crystallographic planes. (1), (2), and (3) 
indicate air-dried, glycolated, and heated samples respectively. Samples 
were extracted with acid ammonium oxalate prior to X-ray analysis. 
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Fig. 4.15 X-ray diffraction patterns of clay minerals in the Bwl horizon of the 
moderately well drained (Ludlow) soil. Vermiculite (V), illite (I), 
quartz (Q), and lepidocrocite (LEP) were identified. (001), (002), 
(003), and (004) refer to the crystallographic planes. (1), (2), and (3) 
indicate air-dried, glycolated, and heated samples respectively. Samples 
were extracted with acid ammonium oxalate prior to X-ray analysis. 
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layer was evident at 1.19 nm. Illite peaks for the (001), (002), and (003) planes were 
identified at 1.02, 0.5, and 0.335 nm respectively. Peaks at 0.43 and 0.32 nm were 
related to quartz and lepidocrocite respectively. Glycolated samples were not 
significantly different with respect to vermiculite from that of the air-dried sample. 
But the mixed illite/vermiculite peak expanded to 1.23 nm due to the glycolation. A 
significant expansion showed at the lepidocrocite peak after glycolation, but the quartz 
peak remained unchanged. Heated K-saturated samples showed a significant decrease 
in peak intensity in most of the vermiculite peaks. Illite and quartz peaks remained 
unchanged, but mixed illite/vermiculite and lepidocrocite peaks disappeared due to the 
heat treatment (Fig. 4.16). 
Air-dried samples from the C horizon showed incompletely developed 
vermiculite peaks at 1.46, 0.72, 0.48, and 0.35 nm. Well developed illite peaks at 
1.03, 0.5, and 0.336 nm were related to the (001), (002), and (003) planes. Peaks at 
0.43 and 0.32 nm were related to quartz and lepidocrocite respectively. Glycolated 
samples showed a significant increase in peak intensity of (001) vermiculite, while 
other vermiculite peaks remained unaffected. The intensity of the illite peaks did not 
change due to the glycolation. The intensity of the illite, quartz, and lepidocrocite 
peaks remained unchanged after heating of K-saturated samples (Fig. 4.17). 
Diffraction patterns from air-dried samples from the A horizon of the 
poorly drained Wilbraham series, indicated that there were well developed (001), 
(002), (003), and (004) vermiculite peaks at 1.49, 0.73, 0.45, and 0.35 nm 
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Fig. 4.16 X-ray diffraction patterns of clay minerals in the Bt horizon of the 
moderately well drained (Ludlow) soil. Vermiculite (V), illite (I), 
quartz (Q), and lepidocrocite (LEP) were identified. (001), (002), and 
(003) refer to the crystallographic planes. (1), (2), and (3) indicate air- 
dried, glycolated, and heated samples respectively. Samples were 
extracted with acid ammonium oxalate prior to X-ray analysis. 
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Fig. 4.17 X-ray diffraction patterns of clay minerals in the C horizon of the 
moderately well drained (Ludlow) soil. Vermiculite (V), lllite (I), 
quartz (Q), and lepidocrocite (LEP) were identified. (001), (002), and 
(003) refer to the crystallographic planes. (1), (2), and (3) indicate air- 
dried, glycolated, and heated samples respectively. Samples were 
extracted with acid ammonium oxalate prior to X-ray analysis. 
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respectively. Weak (001), (002), and (003) illite peaks were identified at 1.02, 0.5, 
and 0.337 nm. Quartz and lepidocrocite peaks located at 0.43 and 0.32 nm were 
evident. The glycolation treatment did not reveal any significant difference in peak 
intensity as compared to the air-dried samples. Significant differences in peak 
intensity occurred as a result of the heating at 550°C of K-saturated samples. After 
the heat treatment all of the vermiculite peaks collapsed but illite, quartz, and 
lepidocrocite peaks remained unchanged (Fig. 4.18). 
In the Bw horizon, the (001), (002), (003), and (004) vermiculite peaks 
could be identified at 1.47, 0.72, 0.45, and 0.357 nm respectively. Illite peaks at 1.03 
and 0.5 nm were not well developed, but the (003) peak at 0.336 nm was fairly well 
developed. Quartz and lepidocrocite peaks were not affected by glycolation. Heating 
of the K-saturated sample revealed the collapsing of all vermiculite peaks. Illite, 
quartz, and lepidocrocite peaks remained unchanged (Fig. 4.19). The X-ray 
diffraction patterns obtained from the Cg horizon showed that regardless of the 
treatment, there did appear to be any significant amount of vermiculite in this 
horizon. Weakly developed illite peaks were evident as well as well developed quartz 
and lepidocrocite peaks at 0.43 and 0.32 nm (Fig. 4.20). In the 2C2 horizon there 
was no evidence of vermiculite. The illite peaks except the (003) plane indicated poor 
crystallization. Well developed quartz and lepidocrocite peaks at 0.43 and 0.32 nm 
were evident. Glycolation and heating treatments did not show any significant changes 
in the X-ray patterns (Fig. 4.21). 
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Fig. 4.18 X-ray diffraction patterns of clay minerals in the A horizon of the 
poorly drained (Wilbraham) soil. Vermiculite (V), illite (I), quartz (Q), 
and lepidocrocite (LEP) were identified. (001), (002), (003), and (004) 
refer to the crystallographic planes. (1), (2), and (3) indicate air-dried, 
glycolated, and heated samples respectively. Samples were extracted 
with acid ammonium oxalate prior to X-ray analysis. 
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Fig. 4.19 X-ray diffraction patterns of clay minerals in the Bw horizon of the 
poorly drained (Wilbraham) soil. Vermiculite (V), illite (I), quartz (Q), 
and lepidocrocite (LEP) were identified. (001), and (003) refer to the 
crystallographic planes. (1), (2), and (3) indicate air-dried, glycolated, 
and heated samples respectively. Samples were extracted with acid 
ammonium oxalate prior to X-ray analysis. 
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Fig. 4.20 X-ray diffraction patterns of clay minerals in the Cg horizon of the 
poorly drained (Wilbraham) soil. Vermiculite (V), illite (I), quartz (Q), 
and lepidocrocite (LEV) were identified. (001), (002), and (003) refer 
to the crystallographic planes. (1), (2), and (3) indicate air-dried, 
glycolated, and heated samples respectively. Samples were extracted 
with acid ammonium oxalate prior to X-ray analysis. 
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Fig. 4.21 X-ray diffraction patterns of clay minerals in the 2C2 horizon of the 
poorly drained (Wilbraham) soil. Illite (I), quartz (Q), and lepidocrocite 
(LEP) were identified. (001), (002), and (003) refer to the 
crystallographic planes. (1), (2), and (3) indicate air-dried, glycolated, 
and heated samples respectively. Samples were extracted with acid 
ammonium oxalate prior to X-ray analysis. 
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Illite (part of the mica group) is a 2:1 phyllosilicate nonexpendable 
mineral with a near 0.60 layer charge and the structural formula of [K^Al2(Si4_ 
jcA1jc)O10(OH)2] which has a basal spacing of approximately 1.0 nm for the (001) 
plane. Illites are derived from primary micas and occur in siltstone, shale, glacial 
drift, loess, and variety of alluvial sediments (Allen and Hajek, 1989). Dioctahedral 
micas, such as muscovite are more resistant to weathering than trioctahedral micas 
such as biotite (Fanning et al., 1989). 
Vermiculite is a 2:1 trioctahedral mineral with a layer charge of 0.6 to 
1.5 and a general formula of (Mg Fe)3(AljSi4_JO10(OH)2 . 4H20 Mg*. Vermiculites 
are formed in a range of environments including polar and tropical regions, in 
deserts, and in areas of high rainfall. These minerals are found in most soil taxonomic 
orders (Soil Survey Staff, 1993). There are two principal groupings of vermiculite 
minerals known as either dioctahedral and trioctahedral. Under severe weathering 
environments dioctahedral vermiculites are the dominant phase, whereas, trioctahedral 
forms occur more likely under moderate conditions. Dioctahedral vermiculite includes 
the hydroxy interlayered vermiculite (HIV) which is a major constituent in strongly 
acid soils. It is believed that HTV minerals are formed through depotassication and 
accompanying alumination of mica (Allen and Hajek, 1989). Under acidic conditions, 
the 2:1 clay layer may decompose as, or more rapidly than, K is released from the 
interlayer of the octahedral (Fanning etal., 1989). Trioctahedral vermiculite is formed 
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by the alteration of micaceous minerals. The precursors of trioctahedral vermiculites 
are basically biotite, and chlorite. 
The alteration of micas provide the essential elements for vermiculite 
formation. In general, vermiculites are formed in soils and sediments at the expense 
of micas, particularly illite. The weathering process of micas to vermiculites follows 
the path of K+ release, oxidation of Fe2+, and the orientation of OH groups (Douglas, 
1989). In many soil profiles, the sum of the illite plus vermiculite in each horizon is 
constant and the ratio of vermiculite to mica decreases from the soil surface 
downward. The transformation of mica to vermiculite strongly depends on the 
leaching environment and the rate of K-removal from soil solution. The intensity of 
these processes is much higher in A horizons and decreases downward in the soil 
profile. The normal sequence of trioctahedral vermiculite formation is: mica or 
chlorite—> vermiculite—> Hydroxy-Al-interlayered vermiculite (Douglas, 1989). 
As indicated earlier, the dominant clay mineral in the well-drained 
Wethersfield soil was illite with some vermiculite. Most peaks related to the illite 
minerals remained unchanged under glycolation and heating treatment with respect 
to the air-dried samples. Glycolated samples showed that the majority of peaks related 
to vermiculite, either collapsed or decreased in intensity after heating to 550°C. When 
the relative intensity of the illites which are more recognizable in the Btl, Bt2, and 
C horizons increase, the relative intensity of the vermiculite peaks decrease. This 
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phenomenon may indicate that the vermiculite in the surface horizons are formed at 
the expense of illite and the alteration of its major precursor, biotite. 
In the moderately well drained Ludlow soil, illite and vermiculite again 
are the dominant clay minerals. The intensity of the peaks related to illite are well 
developed in comparison to vermiculite. The intensity of illite peaks tends to increase 
downward, whereas the intensity of vermiculite peaks decrease. This may indicate 
increasing quantities of illite downwards and vermiculite upwards. 
In the poorly drained Wilbraham soil, the assemblage of clay minerals 
is different from that of the well-drained and the moderately well drained sites. The 
intensity of the peaks related to vermiculite are significantly higher in the A horizon 
as compared to the illite. This may indicate that vermiculite is formed at the expense 
of illite. But in the Cg, and 2C2 horizons the intensity of vermiculite peaks decreases 
significantly downwards indicating either very slow transformation or removal by 
leaching of weathering products. Vermiculite minerals are not identified in these 
horizons and peaks related to illite also show very little intensity. This may suggest 
that the necessary components for vermiculite formation are being removed from the 
soil solution and therefore decrease the probability of formation of this secondary clay 
mineral. 
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Soil Micromorphology 
In the well-drained site, the soil matrix including skeleton grains and 
plasmic fabric occupied 33 to 43 percent of the horizons. The percentage of soil 
matrix material tended to decrease from the Ap horizon to the Btl horizon and again 
increased in the C horizon. The percentage of weathered and unweathered skeleton 
grains tended to decrease from the soil surface horizon downwards. The percentage 
of argillans increased in the Btl horizon as compared to the Ap horizon and tended 
to decrease in the C horizon. The percentage of ferrans and iron nodules increased 
from the Ap horizon downwards and reached its maximum in the Btl and C horizons. 
The number of grain cutans increased significandy downwards reaching its maximum 
in the Btl horizon. The percentage of grain cutans in the C horizon was slighdy less 
than that of the Btl horizon. Mangans were evident just in the C horizon. The 
percentage of voids tended to decrease downwards. The majority of voids appeared 
to be simple packing voids. Roots, albans, and opaque minerals were not evident in 
significant quantities (Fig. 4.22). 
In the moderately well drained site, the soil matrix decreased from the 
Ap horizon to the Bt horizon. The amount of soil matrix material increased 
significantly in the C horizon covering 40% of the entire thin section. The percentage 
of weathered and unweathered skeleton grains tended to decrease from the Ap horizon 
downwards. Well oriented argillans constituted 10.8% of the total area in the Bt 
horizon which was significantly more than in the Ap and C horizons. Ferrans and iron 
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Fig. 4.22 Modal analysis of the Ap, Btl, and C horizons in the well-drained 
(Wethersfield) soil. 
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nodules occupied greater percentages in the Bt and C horizons as compared to the Ap 
horizon. Mangans were identified just in C horizon. No organs or albans were 
identified in the entire profile. The percentage of voids slighdy decreased from the 
Ap horizon downwards (Fig. 4.23). 
The soil matrix in the poorly drained site increased significantly from 
the A horizon downwards and reached almost 60% in the C horizon. Weathered 
grains decreased from the A horizon downwards. The distribution of unweathered 
grains stayed almost the same throughout the entire profile. Argillans were not 
recognized in the upper horizons and their quantity was not significant in the Cg 
horizon. Ferrans, iron nodules, grain cutans, and mangans were not evident in the 
entire profile. Organs occurred in the A horizons. In the C horizon the occurrence of 
mangans was not significant. The distribution of voids decreased significantly from 
the A horizon downwards. Most of the recognizable voids could be classified as 
simple packing voids. The occurrence of albans in the Cg horizon was significant. No 
albans were recognized in the upper horizons (Fig. 4.24). 
The type and degree of plasmic fabric and pedological features 
developed provides insight into profile development and horizon assemblage. Plasma 
separations were studied to investigate the different constituents of plasmic materials 
creating different pedological features. A summary of the observed plasmic fabric and 
pedological features, their orientation, and organization are provided in Table 4.5 
through Table 4.9. Characteristics of the various horizons are presented in Figures 
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Fig. 4.23 Modal analysis of the Ap, Bt, and C horizons in the moderately well 
drained (Ludlow) soil. 
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Fig. 4.24 Modal analysis of the A, Cg, and 2C2 horizons in the poorly drained 
(Wilbraham) soil. 
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4.25 through 4.40. Iron nodules in the Btl horizon of the well-drained site are 
characterized as discrete, irregular sesquioxide nodules (Fig. 4.25). Cutanic features 
were recognized in the Bt2 horizon of the well-drained site. These included simple 
vugh argillans with strong continuous parallel orientation (Fig. 4.26). 
Vomasepic plasmic fabric dominated the Btl and the C horizons in the 
well-drained soil (Fig. 4.27). This fabric shows a striated orientation pattern 
associated with voids under cross-polarized light. Unaltered biotite grains in quartzite 
are commonly found in the C horizon of the well-drained and moderately well drained 
sites (Fig. 4.28). A void neocutanic feature in Btl horizon of the well-drained site 
was identified as a void neoferriargillan. The thin section is under cross-polarized 
light and shows a concentric ferriargillan plasmic fabric surrounding voids with a 
parallel orientation to the wall of the void (Fig. 4.29). 
Figure 4.30 shows a void ferriargillan with strong continuous 
orientation typical in the Bt horizon of the moderately well drained site. The bridging 
between the two voids is filled with soil plasma. The picture was made under cross- 
polarized light. 
A strongly oriented ferriargillan along a channel obtained from the Bt horizon 
of the moderately well drained site is shown in Figure 4.31. The picture was made 
under cross-polarized light. Figure 4.32 presents a papule ferriargillan obtained from 
the C horizon of the moderately well drained site with lamellar fabric in plain light. 
The vosepic plasmic fabric is dominant in most of the horizons in the moderately well 
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Table 4.5 Quantitative description of plasmic fabric and pedological features 
recognized in the well-drained Wethersfield fine sandy loam (pedon 1). 
Micromorphology terminology according to Brewer (1964); few: < 
2% coverage; common: 3-19% coverage; and many: > 20% coverage. 
Horizon Plasmic Fabric Pedological Features 
Ap Asepic Common roots, few iron nodules, 
few organs. 
Bw Vomasepic Common iron nodules, common 
channel ferriargillans, common grain 
cutans. 
Btl Vomasepic Common grain cutans and channel 
ferriargillans, channel argillans, 
common iron nodules with discrete 
to diffuse boundaries, few papules, 
common oriented void argillans. 
Bt2 Vosepic Common diffuse and few discrete 
iron nodules, common channel 
ferriargillans, grain argillans, few 
papules, few vesicles, common 
oriented void argillans. 
C Mosepic Common grain argillans, common 
mangans, few iron nodules, few 
channel argillans, few weathered and 
unaltered biotite grains. 
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Table 4.6 Quantitative description of plasmic fabric and pedological features 
recognized in the moderately well drained Ludlow fine sandy loam 
(pedon 2). Micromorphology terminology according to Brewer (1964); 
few: <2% coverage; common: 3-19% coverage; and many: >20% 
coverage. 
Horizon Plasmic Fabric Pedological Features 
Ap Asepic Few roots, few iron nodules, few 
organs. 
Bwl Vosepic Common iron nodules, few channel 
ferriargillans, common grain cutans. 
Bt Vosepic Common diffuse iron nodules, 
common channel ferriargillans, few 
grain argillans. 
C Mosepic Common grain argillans, common 
mangans, few iron nodules, few 
weathering biotite grains. 
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Table 4.7 Quantitative description of plasmic fabric and pedological features 
recognized in the poorly drained Wilbraham fine sandy loam (pedon 3). 
Micromorphology terminology according to Brewer (1964); few: < 
2% coverage; common: 3-19% coverage; and many: > 20% coverage. 
Horizon Plasmic Fabric Pedological Features 
A Asepic/Skelinsepic Common roots, many organs and 
fecal pellets. 
Bw Argillasepic Few channels filled with organic 
materials, bleached skeleton grains, 
few organs. 
Cg Mosepic Few channel ferriargillans, ferrans 
and few diffuse iron nodules, albans, 
few mangans. 
2C2 Skelsepic/Masepic Common diffuse iron nodules, few 
mangans, bleached skeleton grains, 
albans. 
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Table 4.8 Quantitative description of plasmic fabric and pedological features 
recognized in the poorly drained Wilbraham fine sandy loam (pedon 4). 
Micromorphology terminology according to Brewer (1964); few: < 
2% coverage; common: 3-19% coverage; and many: > 20% coverage. 
Horizon Plasmic Fabric Pedological Features 
A Mosepic Common organs, common roots, 
common fecal pellets. 
Bwl Mosepic Common organs, few roots, few 
fecal pellets. 
Bw2 Mosepic Few iron nodules, few roots, few 
channel argillans. 
Cg Mosepic Few mangans, few grain argillans, 
few diffuse iron nodules. 
2C2 Mosepic Albans, few mangans, few diffuse 
iron nodules. 
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Table 4.9 Quantitative description of plasmic fabric and pedological features 
recognized in the poorly drained Wilbraham fine sandy loam (pedon 5). 
Micromorphology terminology according to Brewer (1964); few: < 
2% coverage; common: 3-19% coverage; and many: > 20% coverage. 
Horizon Plasmic Fabric Pedological Features 
A Asepic/Skelsepic Common organs oriented in few 
channels, common roots stained with 
sesquioxides. 
Bw Vosepic Few channels filled with organic 
materials, skeleton grains. 
Cg Skelinsepic Few diffuse iron nodules, skeleton 
grains, albans, few roots, many 
weathering biotite grains. 
2C2 Skelinsepic/Masepic common diffuse iron nodules, 
mangans, albans, skeleton grains. 
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drained site. Figure 4.33 presents such a plasmic fabric found in the Bt horizon under 
cross-polarized light. 
Pedologic features in the poorly drained site are different from the well-drained 
and moderately well drained sites. A thin section from the A horizon of the poorly 
drained site shows an Asepic/Skelsepic plasmic fabric separation with few organs 
(Fig. 4.34). Figure 4.35 presents an argillasepic plasmic fabric with bleached skeleton 
grains in the Bw horizon of poorly drained site. A strong orientation of micaceous 
material including biotite grains between coarser skeleton grains is evident in the Cg 
horizon of the poorly drained site (Fig. 4.36). This orientation may result from lateral 
water movement from higher elevations towards the lower slope. Exfoliation of biotite 
grains is evident in the Cg horizon of the poorly drained site (Fig. 4.37). The effect 
of hydrolysis is noticeable on the altered edges of the mineral grains. An irregular 
sesquioxide nodule is presented in the Cg horizon of the poorly drained site (Fig. 
4.38). Strongly bleached locations with remnants of relatively resistant minerals (i.e. 
feldspars) are evident in the lower part of the Cg horizon (Fig. 4.39). In the 2C2 
horizon of the poorly drained site, discrete, irregular manganese nodules are evident 
(Fig. 4.40). 
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1.2 mm 
Fig. 4.25 Photomicrograph of discrete, irregular iron nodules from the Btl 
horizon of the well-drained (Wethersfield) soil. Thin section under cross 
polarizer. M = matrix, N = nodule, and S = skeleton grain. 1) 
photograph, 2) schematic. 
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Fig. 4.26 Photomicrograph of a channel argillan with strong continuous orientation 
from the Bt2 horizon of the well-drained (Wethersfield) soil. Thin 
section under cross polarizer. A = argillan, M = matrix, S = skeleton 
grain, V = void. 1) photograph, 2) schematic. 
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Fig. 4.27 Photomicrograph of a vomasepic plasmic fabric from the Btl horizon of 
the well-drained (Wethersfield) soil. Thin section under cross polarizer. 
M = matrix, NA = neoargillan, S = skeleton grain, V = void. 1) 
photograph, 2) schematic. 
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Fig. 4.28 Photomicrograph of a quartzite fragments containing unaltered biotite 
grains from the C horizon of the well-drained (Wethersfield) soil. Thin 
section under plain light. B = biotite, Q = quartzite, S = skeleton 
grain. 1) photograph, 2) schematic. 
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Fig. 4.29 Photomicrograph of a simple vugh neoferriargillan with continuous 
parallel orientation from the Btl horizon of the well-drained 
(Wethersfield) soil. Thin section under cross polarizer. M = matrix, 
NFA = neoferriargillan, S = skeleton grain. 1) photograph, 2) 
schematic. 
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Fig. 4.30 Photomicrograph of a void ferriargillan with strong continuous 
orientation from the Bt horizon of the moderately well drained (Ludlow) 
soil. Thin section under cross polarizer. CH = channel, B = bridging, 
M = matrix, NA = neoargillan, S = skeleton grain, V = void. 1) 
photograph, 2) schematic. 
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Fig. 4.31 Photomicrograph of an elongated channel argillan with adjacent 
neoargillan with strong continuous orientation from the Bt horizon of the 
moderately well drained (Ludlow) soil. Thin section under cross 
polarizer. CA = channel argillan, M = matrix, NA = neoargillan, V 
= void. 1) photograph, 2) schematic. 
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Fig. 4.32 Photomicrograph of a papule (ferriargillan) with lamellar fabric from the 
C horizon of the moderately well drained (Ludlow) soil. Thin section 
under plain light. M = matrix, P = papule, S = skeleton grain. 1) 
photograph, 2) schematic. 
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Fig. 4.33 Photomicrograph of a vosepic plasmic fabric from the Bt horizon of the 
moderately well drained (Ludlow) soil. Thin section under cross 
polarizer. M = matrix, S = skeleton grain, V = void. 1) photograph, 
2) schematic. 
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Fig. 4.34 Photomicrograph of a asepic/skelsepic plasmic fabric with few organs 
from the A horizon of the poorly drained (Wilbraham) soil. Thin section 
under cross polarizer. A = argillan, M = matrix, O = organ, S = 
skeleton grain, V = void. 1) photograph, 2) schematic. 
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Fig. 4.35 Photomicrograph of an argiUasepic plasmic fabric with bleached skeleton 
grains (alban) from the Bw horizon of the poorly drained (Wilbraham) 
soil. Thin section under cross polarizer. A = argillan, AL = albite 
(feldspar grain) ALB = alban, M = matrix, S = skeleton grain, V = 
void. 1) photograph, 2) schematic. 
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Fig. 4.36 Photomicrograph of strong orientation of micaceous material (biotite) 
grains embedded in coarser skeleton grains from the Cg horizon of the 
poorly drained (Wilbraham) soil. Thin section under cross polarizer. B 
= biotite, M = matrix, S = skeleton grain, WB = weathering biotite. 
1) photograph, 2) schematic. 
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Fig. 4.37 Photomicrograph of exfoliation of biotite grains from the Cg horizon of 
the poorly drained (Wilbraham) soil. Thin section under plain light. B 
= biotite, M = matrix, S = skeleton grain. 1) photograph, 2) 
schematic. 
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Fig. 4.38 Photomicrograph of an irregular iron nodule with a surrounding 
neoferran from the Cg horizon of the poorly drained (Wilbraham) soil. 
Thin section under plain light. M = matrix, N = nodule, NF — 
neoferran, S = skeleton grain, V = void. 1) photograph, 2) schematic. 
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Fig. 4.39 Photomicrograph of strongly bleached areas from the lower part of the 
Cg horizon of the poorly drained (Wilbraham) soil. Thin section under 
cross polarizer. AL = albite (feldspar) grain, M — matrix, S — 
skeleton grain, V = void. 1) photograph, 2) schematic. 
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Fig. 4.40 Photomicrograph of a discrete manganese nodule from the 2C2 horizon 
of the poorly drained (Wilbraham) soil. Thin section under cross 
polarizer. M = matrix, N = nodule, S = skeleton grain. 1) 
photograph, 2) schematic. 
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Scanning Electron Micrographs 
Scanning electron micrographs using back scattered electrons on samples from 
the Btl horizon of the well-drained site, indicated that the boundary of titanohematite 
minerals with regard to the surrounding matrix was discrete and irregular. The 
mineral edge showed a discrete boundary between the mineral and soil matrix. 
Dissolution of Fe from the grain resulting in a spongy appearance at locations where 
the iron has been removed was not evident (Fig. 4.41). 
The micrographs from the Cg horizon of the poorly drained site indicated that 
in some titanohematite minerals localized areas with a spongy appearance occurred. 
This resulted from partial removal of iron from the mineral grain face while the more 
resistant titanium remained. The apparent dissolution of iron in poorly drained soils 
may indicate a higher weathering intensity due to the more prevalent chemically 
reducing environment. A discrete boundary of zone with removed iron as compared 
to the remaining more resistant material was evident (Fig. 4.42). 
Energy Dispersive Analysis 
Energy dispersive analysis in samples from the well-drained soil indicated that 
the relative amount of iron to titanium was significant. This may indicate that iron has 
not been subjected to intensive weathering (Fig. 4.43). 
In the poorly drained sites the relative amount of titanium to iron was more 
pronounced which may indicate that the iron has been subject to a greater degree of 
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weathering. The subsequent dissolution and removal of Fe from such grains created 
spongy areas at microcites which had more pronounced reduction taking place. The 
higher percentage of titanium relative to iron indicates the higher resistance of 
titanium to weathering (Fig. 4.44). 
Heavy Mineral Analysis 
Heavy mineral analysis was conducted on selected samples of the well-drained 
and the poorly drained pedons to assess the stability and weathering status of different 
soil minerals and the degree of relative weathering intensity within each profile. 
Heavy minerals have a specific gravity > 2.9 g cm'1. In Massachusetts, heavy 
mineral analyses have been used in till soils to establish the direction of the glacier 
movement; the extent of aeolian input; the degree of mixing between the till, pan, and 
overlying material; and weathering relations within the soil profile (Lindbo, 1990). 
Brewer (1964) suggested a practical way for assessing the comparative degree of soil 
weathering. The ratio of (zircon + tourmaline)/(amphibole + pyroxenes) called the 
"weathering rate of heavy minerals" was established as a quantitative index (expressed 
as a percentage) of relative weathering intensity in the soil profile. This ratio was 
chosen because zircon and tourmaline tend to be the most resistant heavy minerals 
and amphibole and pyroxenes are considered as less resistant heavy minerals. 
In the well-drained site the percentage of garnet increased from the Ap horizon 
downwards and decreased in the Btl horizon. The lowest value for garnet in the 
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Fig. 4.41 Scanning electron micrograph of a titanohematite grain from the Btl 
horizon of the well-drained (Wethersfield) soil. Dissolution of Fe from 
this grain is not evident. M = matrix, TH = titanohematite grain, RF 
= rock fragment. 1) photograph, 2) schematic. 
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Fig. 4.42 Scanning electron micrograph of a titanohematite grain from the Cg 
horizon of the poorly drained (Wilbraham) soil. Partial dissolution of Fe 
from this grain resulting a spongy appearance is evident. LID = 
localized iron dissolution, TH = titanohematite grain, S = skeleton 
grain, V = void. 1) photograph, 2) schematic. 
114 
Fig. 4.43 Energy dispersive analysis of a titanohematite grain from the Btl 
horizon of the well-drained (Wethersfield) soil indicated that the relative 
amount of iron to titanium was significant. 
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Fig. 4.44 Energy dispersive analysis of a titanohematite grain from the Cg horizon 
of the poorly drained (Wilbraham) soil indicated that the relative amount 
of titanium to iron was significant. 
116 
well-drained site was found in the Bt2 horizon. The percentage of garnet in the C 
horizon was almost the same as in the Ap and Bw horizons. Amphiboles were more 
prevalent in the upper horizons as compared to the lower horizons. These amphibole 
grains in the different horizons of the well-drained site showed only very slight 
indications of etching and pitting. Tourmaline increased uniformly from the upper 
horizons downwards. Amphibole grains showed only slight signs of etching and 
pitting (Fig. 4.45). The absolute percentages and cumulative percentages of each 
individual horizon are presented in Figure 4.46. 
Heavy mineral analysis in the different horizons of the poorly drained site 
indicated that the percentage of garnet in the upper horizons was more or less 
constant, but in the lower subsurface horizons, particularly the Cg horizon which was 
affected by water saturation for long periods, its percentage decreased significantly. 
Similar results for the amphibole assemblage were found. The percentage of 
tourmaline increased from the upper horizon downwards and reached approximately 
equal values in the Cg and 2C2 horizons. Microscopic observation of amphiboles 
showed that the majority of these grains had significant signs of etching and pitting. 
This indicates more intense weathering conditions in the poorly drained site versus 
the well-drained site (Fig. 4.47). The absolute and cumulative percentages of each 
individual horizon are shown in Figure 4.48. 
Table 4.10 summarizes the calculated values the tourmaline/(garnet + 
amphibole) [TGA] ratio to compare the weathering intensity of the different horizons 
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Fig. 4.45 Photomicrograph of a relatively unaltered amphibole grain from the Bt2 
horizon of the well-drained (Wethersfield) soil. AM = amphibole. 1) 
photograph, 2) schematic. 
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(1) 
Horizon 
Fig. 4.46 The absolute (1) and cumulative (2) percentage of the amphibole, 
garnet, and tourmaline grains from the selective horizons of the well- 
drained (Wethersfield) soil. 
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Fig. 4.47 Photomicrograph indicating the partial dissolution of the amphibole and 
biotite grains from the Cg horizon of the poorly drained (Wilbraham) 
soil. AM = amphibole, B = biotite, S = skeleton grain. 1) photograph, 
2) schematic. 
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Fig. 4.48 The absolute (1) and cumulative (2) percentage of the amphibole, 
garnet, and tourmaline grains from the selective horizons of the poorly 
drained (Wilbraham) soil. 
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Table 4.10 Comparative weathering intensity of the well-drained Wethersfield and 
the poorly drained Wilbraham series. TGA refers to the weathering rate 
of heavy minerals as indicated by the tourmaline/(garnet -I- amphibole) 
ratio. 
Pedon Horizon TGA 
Well Drained Site Ap 0.17 
Bw 0.24 
Btl 0.27 
Bt2 0.37 
C 0.61 
Poorly Drained Site A 0.39 
Bwl 0.26 
Cg 0.79 
2C2 0.69 
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of the well-drained and the poorly drained sites. High TGA values indicate that 
tourmaline has a higher resistance against weathering as compared to the garnet and 
amphibole. The data indicated that TGA values were smaller in the upper horizons 
of the well-drained site as compared to the upper horizons of the poorly drained site. 
This indicates that the comparative weathering intensity in the poorly drained site was 
greater than that of the well-drained site. Significandy higher values of TGA occurred 
in the Cg horizon of the poorly drained site indicating a significant degree of 
weathering. 
The percentage and assemblage of heavy minerals indicated an almost uniform 
distribution of resistant and less resistant heavy minerals in the well-drained site. In 
the poorly drained site, the less resistant heavy minerals like garnet and amphibole 
appeared to be significandy affected by long-term water saturation. In the poorly 
drained site most of the heavy minerals showed signs of dissolution on the grain 
edges. During pedogenesis, the greater duration of water saturation in the poorly 
drained site created significant microscopic differences in heavy mineral appearance. 
Conclusions 
Coarse fragment content increased from the upper horizons downwards in all 
of the studied pedons located in well-drained, moderately well drained, and poorly 
drained sites. The percentage of clay tended to be higher in the Bt horizons of the 
well-drained and moderately well drained sites as compared to the poorly drained site. 
123 
Bulk densities increased from the upper horizons downwards and their values ranged 
from 1.09 to 2.04 gem'3. Moisture retention and water holding capacity were higher 
in the poorly drained site as compared to the well-drained and moderately well 
drained sites. The range of the water holding capacity between 30-1500 kPa pressure, 
was 22% in the poorly drained site which was significantly higher as compared to the 
well-drained and moderately well drained sites. Chemical analysis indicated that the 
poorly drained site was more acidic as compared to the well-drained and moderately 
well drained sites. Organic carbon content showed almost similar values in studied 
pedons. Cation exchange capacities were higher in the subsurface horizons as 
compared to the upper horizons. Extractable iron indicated much higher values in the 
well-drained soils as compared to the poorly drained soils. Elemental analysis using 
X-ray fluorescence indicated that the Si content of the soils was close to 80% of the 
total samples. There was a negative correlation between Si and A1 concentrations in 
the different soil horizons. The results of XRD patterns indicated that hematite and 
goethite were more abundant in the well-drained and the moderately well drained sites 
as compared to the poorly drained site. Hematite in the soils studied appeared to be 
an inherited mineral derived from the Triassic redbeds. In the poorly drained site, 
goethite, lepidocrocite, and ferrihydrite were the dominant iron minerals. 
Illite was identified dominantly in the well-drained and moderately well 
drained sites. In the poorly drained site, vermiculite was formed at the expense of 
illite. The soil micromorphology indicated that well oriented argillans constituted 
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almost 10.8% of the total area in the Bt horizons of the well-drained site. In the 
poorly drained site ferrans, iron nodules, and grain cutans were not present. Plasmic 
fabric in the well-drained site was dominantly vosepic, but in the poorly drained site 
skelsepic was also recognized. The results of the scanning electron microscopy did 
not show a significant evidence of Fe removal and dissolution from the Fe-bearing 
grains. In the poorly drained site, the dissolution of iron bearing minerals indicated 
a higher weathering intensity related to the existing reducing environment. Heavy 
mineral analysis conducted in the selected samples showed that the weathering rate 
was higher in the poorly drained site as compared to the well-drained site. 
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CHAPTER V 
FIELD MEASUREMENTS 
Introduction 
Soil color has been of interest to soil scientists as an indicator of soil 
formation processes. It is used in many soil classification systems including Soil 
Taxonomy (Schwertmann, 1985). Soil color may be a reflection of mineralogy, 
organic matter content and intensity of biophysicochemical activities occurring within 
the soil pedon. In particular, iron mineralogy and speciation affect soil color. Soil 
color is influenced by the soil moisture regime. Soil drainage classes, i.e. well- 
drained, moderately well drained, somewhat poorly drained, poorly drained, and very 
poorly drained are based on morphological features which are important in estimating 
depth to saturated soil. Under different soil environmental conditions iron may be 
either reduced or oxidized. 
Past soil moisture regime studies mostly focus on the characterization of the 
morphology including mottling patterns (Simonson and Boersma, 1972; Vepraskas et 
al., 1974; Veneman et al., 1976; Guthrie and Hajek, 1979; Bouma, 1983; Franzmeier 
et al., 1983; Vepraskas and Wilding, 1983; Pickering and Veneman, 1984; Zobeck 
and Ritchie, 1984; Couto et al., 1985; Evans and Franzmeier, 1986; Ransam and 
Smeck, 1986;). More specifically, mottle or matrix color with chromas of 2 or less, 
are assumed to be indicative of saturated and chemically reducing soil conditions. 
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Low chroma colors are not always representative of the actual moisture 
regime. Some soil horizons may be saturated with water containing high amounts of 
dissolved oxygen ; either because the water is moving rapidly, soil temperatures are 
low, or the environment is unfavorable for microorganisms. At other times, reduction 
processes in saturated horizons, are not pronounced enough to reduce Fe3+ (Bouma, 
1983). In such soils, the process of gleyzation could be delayed due to the presence 
of dissolved oxygen, low organic matter content, insufficient temperature for 
microbial activity, and short duration of the period of saturation. These soils usually 
have chromas higher than 2. 
In some New England soils, saturated conditions prevail yet may not be 
reflected in the soil morphology (Soil Survey Staff, 1990a). Soils with high organic 
matter contents throughout the soil profile, soils with high chroma parent materials, 
and soils with high iron content usually do not show low chroma colors even though 
the soil may have distinct periods of saturation and of chemically reducing conditions 
(Tiner and Veneman, 1989). Soil temperature, soil water activity, organic matter 
level, pH, and metallic substitution for iron in Fe oxides may influence and partially 
explain the distribution of reddish towards yellowish iron minerals in soils 
(Schwertmann, 1985). In New England, some soils inherited a distinct reddish color 
due to high iron concentrations (Tiner and Veneman, 1989). The inherited reddish 
materials may inhibit the formation of gray colored mottling patterns in wet soils. 
Typical aquic moisture regime criteria in Soil Taxonomy such as predominant low 
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chroma colors within 50 cm do not apply in such cases, yet alternative taxonomic 
criteria are not presented (Soil Survey Staff, 1993). 
To evaluate the relationship between soil morphology and the soil moisture 
regime, the two transects (5 locations) in the study area (see objective 1) were 
equipped with monitoring wells, tensiometers, redox probes, thermistors, and 
lysimeters to evaluate seasonal groundwater elevation, soil water potential, redox 
potential, soil temperature, and soil water composition respectively. 
Materials and Methods 
Water Well Design and Construction 
To monitor seasonal groundwater fluctuations, ten wells were installed at five 
different locations (two wells at each location) along two transects including well- 
drained, moderately well drained, and poorly drained sites in the study area located 
in Southwick, Massachusetts. The wells consisted of 3.8 cm PVC pipe perforated 
with 0.5 cm holes drilled at rows 120 degrees apart in the lower 60 cm of the pipe. 
This section was wrapped in engineering cloth (Typan by Dupont) to prevent wash-in 
of fines. Bucket augers and a Little Beaver Hydraulic Drill were used for the well 
installation. The well depth ranged from 60 cm to 150 cm. Well cavities were 
backfilled with the corresponding soil material and the upper part of the cavity was 
sealed with bentonite. 
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Soil Moisture Potential 
Matric potentials were measured with tensiometers constructed from 2-cm 
diameter rigid, clear acrylic tubing. Ceramic cups with air-entry values > 0.1-Mpa 
and with diameters slightly greater than the acrylic tubing were installed at one end 
of each tube. The above ground part was equipped with a rubber septum. 
Tensiometers were installed in duplicate at each site within selected horizons 
representing specific mottling patterns. Readings were taken once a week during the 
2-year period using a Tensiometer (Soil Measurement Systems, Inc.). Individual 
readings were corrected for depth to reflect the actual moisture potential at each 
depth. 
Redox (Eh) Electrode Construction 
Redox potentials were measured with platinum electrodes constructed 
according to Khouri (1989) and tested in a Zobell solution for accuracy (Light, 1972). 
The platinum electrodes were constructed using a section of 2-cm platinum wire, 
0.5mm OD soldered onto 1.0mm OD copper wire. The copper wire was placed inside 
2-cm diameter rigid acrylic tubing and sealed against air and water entry using 
Devcon 2-Ton clear epoxy. 
The platinum electrodes were placed in selected horizons based on specific soil 
mottling patterns formed during an initial site investigation. Readings were performed 
weekly during the 2-year period. Salt bridges were constructed using saturated KC1 
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(350 g L'1) and 3% agar by weight inside 2-cm OD PVC tubing (Pickering, 1983). 
A small hole (0.3 cm) was drilled at appropriate depths to facilitate electron 
movement to the redox electrodes. Redox readings were corrected with the 
appropriate factor for the calomel electrode. 
Lysimeters (Soil-water Samplers) 
To obtain soil water samples for chemical analysis, suction lysimeters 
consisting of 4.8-cm I.D. PVC tubing attached to a 0.1-MPa porous ceramic cup were 
installed within the same horizons where tensimeters were installed. Samples were 
collected by applying about 0.08 MPa of suction to the lysimeters using a hand pump. 
After 2 days, water was collected from the lysimeters using a suction hand pump. 
Samples were collected in aluminum foil wrapped flasks to exclude light. Each flask 
was purged with N2 and tightly stoppered to prevent oxidation of the samples. 
Soil Temperatures 
Soil temperatures were measured with YSI 401 thermistors installed at 25 and 
50 cm depth respectively. Thermistors were installed using a small auger. To prevent 
water seepage, the top of the cavity was sealed with bentonite. Soil temperature 
readings were obtained weekly using an Yellow Spring Instrument Model 42SC Tele- 
Thermometer. 
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Dissolved Oxygen 
Dissolved oxygen (DO) was measured in well water after initial purging of the 
well with about 3 pore volumes. DO measurements were conducted with a Yellow 
Spring Instrument Model 54A Oxygen meter following the manufacture’s instructions. 
Ferrous Iron Identification 
A field spray test using a,a - dipyridyl (Childs,1981) for identifying anoxic 
zones in the soil profile was employed monthly according to procedures by Ransom 
and Smeck (1986). 
Results and Discussion 
The results of the different measurements in the well-drained site are presented 
as the temporal values of soil and water temperature, water table, dissolved oxygen 
(DO), water potential, Eh, Fe2+ concentrations, and pH respectively. The soil 
temperature range was between Oto 19.7 °C. Well water temperature ranged between 
3.3-18.5 °C. The depth of the water table from the soil surface downwards ranged 
between 21-122 cm. Dissolved oxygen (DO) ranged from 1.6 to 7.8 mgL'1. The soil 
water potentials ranged from 0 to -806 mbar, while the Eh ranged from 158 to 443 
mV. Ferrous iron concentrations ranged between 0.01 to 0.26 mgL l. The pH values 
ranged from 5.17 to 5.9 (Figures 5.1 and 5.2). The R2 value of the linear correlation 
between Eh and Fe2+ concentrations was 0.23. 
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Fig 5.2 Seasonal fluctuations of the soil temperature (ST), water temperature 
(WT), ferrous iron concentrations, and pH values for the well-drained 
(Wethersfield) soil. 
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The seasonal variability of the soil and water temperature, water table 
elevation, dissolved oxygen (DO), water potential, Eh, Fe2+ concentrations, and pH 
for the moderately well drained site is indicated graphically in Figures 5.3 and 5.4. 
The soil and water temperature ranged from -3 to 19.3 °C, and 1.0 to 18°C 
respectively. Water table elevation fluctuated between 27 cm from the soil surface to 
a depth of 128 cm. Dissolved oxygen (DO) content in well water ranged from 0.85 
to 8 mgL'1. Soil water potentials varied from 20 to -740 mbar, and Eh values ranged 
between 54-459 mV. The concentrations of Fe2+ in water samples ranged between 
0.01 to 1.92 mgL'1. The pH values of water samples varied from 6.0 to 6.4. The R2 
value of the linear correlation between Eh and Fe2+ concentrations was 0.52. 
Results of the measurements in the poorly drained sites are shown graphically 
in Figures 5.5 and 5.6 representing the seasonal values of soil and water temperature, 
water table, dissolved oxygen (DO), water potential, Eh, Fe2+ concentrations, and pH 
respectively. Soil and water temperatures ranged between 0.7 to 17 C and 3.5 to 
16°C respectively. Water table elevation fluctuated between 22-55 cm from the soil 
surface. The range of soil water potentials was between 70 to -52 mbar. The Eh 
values ranged from -50 to 238 mV. Ferrous iron concentrations in water samples 
varied between 0.09 to 2.3 mgL'1. The values for pH ranged between 5.23 to 5.78. 
The R2 value of the linear correlation between Eh and Fe2+ concentrations was 0.58 
(Table 5.1). 
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Fig 5.3 Seasonal fluctuations of the water table, water retention, Eh, and 
dissolved oxygen (DO) for the moderately well drained (Ludlow) soil. 
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Fig 5.4 Seasonal fluctuations of the soil temperature (ST), water temperature 
(WT), ferrous iron concentrations, and pH values for the moderately 
well drained (Ludlow) soil. 
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Fig 5.5 Seasonal fluctuations of the water table, water retention, Eh, and 
dissolved oxygen (DO) for the poorly drained (Wilbraham) soil. 
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Seasonal fluctuations of the soil temperature (ST), water temperature 
(WT), ferrous iron concentrations, and pH values for the poor y 
drained (Wilbraham) soil. 
138 
pH
, 
W
at
er
 a
n
d
 
S
oi
l 
T
em
p
er
at
u
re
 
Table 5.1 Range in Eh, Fe2+ concentrations, and R2 values for the linear 
correlation between Eh and Fe2+ values obtained from the well-drained 
(Wethersfield), moderately well drained (Ludlow), and poorly drained 
(Wilbraham) soils. 
Location Eh (mV) Fe2+(mgL'1) Correlation R2 
Well-drained 158-443 0.01-0.26 - 0.23 
Moderately well 
drained 54-459 0.01-1.92 - 0.52 
Poorly drained -50-430 0.09-2.31 - 0.58 
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Ferrous Iron Identification 
Ferrous iron was identified on a monthly basis during April through August 
of 1991, and throughout 1992 using a 1 M solution of NH4OAc containing oc,a - 
dipyridyl sprayed on the exposed soil samples of selected horizons. Bright reddish 
colors were more evident upon application of the indicator in the poorly drained sites 
as compared to the well-drained and moderately well drained sites. In the well-drained 
and moderately well drained sites the inherited reddish color appeared to mask any 
potential color changes. The color changes in the poorly drained site were evident 
mostly in moist horizons whenever Fe2+ was present. Color development 
coincidenced with the detection of Fe2+ in soil-water samples. 
Prediction of Iron Stability Using Eh-pH Diagrams 
The stability of different Fe mineral species under various Eh-pH conditions 
can be shown in an Eh-pH diagram as employed by Ransom and Smeck (1986). In 
this diagram the region of Fe2+ and Fe(OH)3 was enlarged and the boundary line 
between two major forms of iron was separated using the following equation: 
Eh = 1.057 - 0.0591 log [Fe2+] - 0.177 pH 
where [Fe2+] was assumed to be 2 x 10'7 M (Ransom and Smeck, 1986). The Eh-pH 
values obtained from the well-drained, moderately well drained, and poorly drained 
sites derived during the period between April through August of 91-92, were plotted 
on the expanded portion of the original diagram (Fig 5.7). Most of the values derived 
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Fig 5 7 The Eh-pH phase diagram for the well-drained (WD) Wethersfield, 
moderately well drained (MWD) Ludlow, and poorly drained (PD) 
Wilbraham soils indicating the Fe(II) and Fe(OH)3 stability fields. 
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from the well-drained and moderately well drained sites, in general, were located in 
the field where Fe(OH)3 was stable, whereas the values derived from the poorly 
drained site were located in the Fe(H) stability field. The seasonal fluctuation in Eh 
and pH values resulting from the water table fluctuations, microbial activity, and 
availability of organic carbon, may cause the Fe equilibria to shift back and forth 
between the Fe2+ and Fe(OH)3 stability fields. These changes could be related to the 
oxidation status of the soil-water solution which may cause Fe2+ to change into the 
more stable Fe(OH)3 form. 
Conclusions 
Field measurements of Eh, pH, and Fe2+ concentrations indicated that during 
the growing season the poorly drained site tended to show greater reduction as 
compared to the well-drained and moderately well drained sites. Qualitative 
identification of ferrous iron using a,a - dipyridyl indicator was not possible in the 
well-drained site. Prediction of iron mineral stability using Eh-pH diagrams showed 
that most of the calculated iron values for the well-drained and moderately well 
drained sites were located in the Fe(OH)3 stability field, whereas values for the poorly 
drained site generally were located in the Fe(II) stability field. 
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CHAPTER VI 
COLUMN STUDIES 
Introduction 
The effects of pedoenvironmental factors on the transformation of different 
iron minerals have been the subject of numerous studies. These generally are 
conducted two ways including field observations and correlating the measured 
properties and corresponding Fe phases to essential parameters like pH, organic 
matter content, microbial activities, 02 availability and water activity. The second 
mode of study generally pertains to simulated pedoenvironments by conducting 
column or laboratory experiments in which Fe oxides are synthesized under controlled 
conditions similar to those favored in soils (Schwertmann, 1985). 
Patrick et al. (1973) designed an apparatus which provided a controlled oxygen 
or air flux to maintain the desired redox potential at a set level. The system could be 
used in the following ways (i) the soil can be flooded and allowed to become reduced 
before being placed in the redox flask, and (ii) the soil can be placed in the flask, 
flooded, and the control system can be adjusted to prevent the redox potential from 
falling below the set value. 
Vepraskas and Bouma (1976) studied soil mottle formation in artificial soil 
columns under two different moisture regimes simulating naturally occurring 
conditions. The results indicated that in cores which remained unsaturated at a 
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moisture tension of 7 cm, the dominant mottles were ped mangans. In contrast, in the 
cores which were periodically saturated for three weeks and subsequently drained for 
one week, channel neoalbans and quasimangans were the predominant pedological 
features. 
Patrick and Henderson (1981) designed a system to study packed soil cores 
under a wide range of redox potentials. Since the study conditions generally did not 
simulate natural soil conditions, the obtained results have limited value for 
extrapolation to the field. The investigators compacted soils into brass cylinders with 
fitted platinum electrodes and placed them on tension plates equipped with two water 
reservoirs at different elevations. The results indicated that only coarse-textured soils 
with rapid water film movement provided good redox potential control. Further 
results revealed that adjusting the redox potential to various values ranging from 
aerobic to anaerobic caused Fe and Mn reduction similar to those obtained in stirred 
soil suspensions. 
Callebaut et al. (1982) investigated the changes in redox potential, soil gas 
composition, and oxygen diffusion rate in soil columns subject to different stagnating 
groundwater tables. Under steady-state moisture conditions, the decrease 02 content 
corresponded to an increase in C02 content. They found that by lowering the water 
table, the oxygen diffusion rate increased. The redox potential measurements did not 
reflect the soil aeration status in oxygen-rich environments. 
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Farooqi and deMooy (1983) investigated microbial activities in saturated soil 
columns. The results showed that all soils exhibited maximum microbial activity after 
48 hours saturation. Measured redox potential values agreed with the evolution of 
C02. Dobos et al. (1990) conducted a study on packed soil columns to evaluate the 
effect of organic matter content, temperature, and time on soil color changes under 
alternating oxidizing and reducing conditions. The results showed that the hues and 
chromas of the mottles and soil matrix were strongly influenced by the organic carbon 
content. Also, the areal extent of the color changes increased with organic carbon 
content, temperature, and time. 
The formation of lepidocrocite derived from the transformation of goethite and 
maghemite was assessed in a laboratory study by Krishnamurti and Huang (1993). 
The mechanism of formation and stabilization of lepidocrocite in natural soil 
environment was reported. The presence of citrate promoted the formation of 
lepidocrocite at the expense of goethite and maghemite in natural terrestrial 
environments. 
The objectives of the studies reported in this chapter focused on the following: 
(1) to evaluate the effect of environmental parameters (i.e. microbial activity, 
temperature, moisture content, level of organic matter, and duration of water 
saturation) on iron mineralogy using a series of laboratory column studies, and 
(2) to correlate the obtained laboratory study results with the field observations. 
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Materials and Methods 
Samples from the B horizon of the well-drained Wethersfield series were 
collected in bulk from the study site in Southwick, Massachusetts. Air-dried soil (< 
2 mm diameter) was compacted to a density of about 1.6 Mg nr3 in aery he soil 
columns with a diameter of 10 cm. The outline of the various treatments is shown in 
Table 6.1. 
After 10, 14 and 28 weeks respectively, selected soil columns were removed 
from their containers for examination of morphological features. Differences in 
mottling patterns, hue, value and chroma between mottles and soil matrix were 
evaluated. 
Column Construction 
Columns were constructed using clear acrylic tubing with a 10-cm inner 
diameter and a height of 25 cm. A 0.05 MPa porous ceramic plate was sealed at one 
end of each column. Maximum bulk density values of the soil used were determined 
using the Harvard Miniature density test (Lambe, 1951). Air-dried soil samples were 
compacted at different soil moisture levels ranging from 1% to 36%. The optimum 
density obtained was about 1.6 Mg nr3. Soil at 3% moisture content (by weight) was 
placed in the experimental columns and agitated using a shaker table to provide a final 
bulk density of approximately 1.6 Mg m'3. Compaction of each column was 
completed in 6 minutes. Final height of the soil within each column was about 13 cm. 
146 
Each column was saturated from the bottom up. Brass rods of selected diameters (0.1 
- 2 mm) were inserted all the way down the soil column to the ceramic plate and 
removed upon saturation. The resulting capillaries served to model natural pores 
providing aeration under unsaturated conditions. To evaluate the stability of the 
artificial macropores at different soil water potentials, pressures of 0.01, 0.1, and 5 
MPa respectively were applied in a pressure apparatus to selected samples. After 48 
hours, the soil samples were resaturated, and again subjected to pressure. After 
equilibration, the samples were removed from the plate and examined visually in 
terms of macropore stability. Preliminary results indicated that the induced 
macropores were stable in the applied pressure range. 
Redox Electrodes, Salt Bridges, and Lysimeters Construction 
Platinum electrodes were constructed according to Khouri (1989) and tested 
in a Zobell solution for accuracy (Light, 1972). The platinum electrodes were 
constructed using a 2-cm section of platinum wire with a diameter of 0.5 mm 
soldered onto 1.0 mm OD copper wire. The copper wire was placed inside 0.5-cm 
diameter rigid acrylic tubing and sealed against air and water using Devcon 2-Ton 
clear epoxy. Salt bridges were constructed using saturated KC1 (350 g L'1) and 3% 
agar by weight and a very slight amount of phenol to prevent microbial growth 
(Pickering, 1983) inside 0.5-cm rigid acrylic tubing with a small hole (0.3 cm) drilled 
at the appropriate depth to facilitate electron movement to the redox electrodes. Redox 
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electrodes and salt bridges were installed 8 cm apart half way down the packed soil 
columns. 
In order to obtain water samples from the experimental columns, suction 
lysimeters constructed from 0.5-cm I.D. acrylic tubing attached to a 0.05-MPa porous 
ceramic cup were installed half way down each column. Each lysimeter suction had 
a capacity of 25 ml. A suction of 0.03 MPa was applied to obtain a soil water 
sample. Various soil water potentials (0, 0.1, and 0.2 MPa) were maintained in 
selected columns by varying the elevation of the water outflow in a Mariotte device 
(Fig. 6.1). 
Experimental Column Set Up 
Experimental columns were set up at temperatures of 6°C, 20°C, and 28 C 
respectively in climate controlled rooms. Saturated columns filled with either water 
or 0.1 % Na-lactate solutions, were subjected to tension by adjusting the outflow level 
of the Mariotte device. The following moisture regimes were applied at each 
temperature leveli 1) continuous saturation with 0.1% lactate solution, 2) continuous 
saturation with water, 3) alternating cycles each consisting of 4 weeks of saturation 
with 0.1% lactate solution, followed by 1 week at 0.1 MPa suction, followed by 1 
week of suction at 0.2 MPa, and 4) continuous saturation with 0.1 % lactate solution 
with irradiated soil (see Table 6.1). To evaluate the effect of microbial activity on 
iron reduction, column studies were carried out using either natural soil or soil that 
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Lysimeter 
Salt bridge 
1— Cover 
Eh-electrode 
Soil column 
xxxxxxxxxx —Ceramic plate 
Bleeder Acrylic tubing 
Cover 
liquid 
Mariotte device 
Fig. 6.1 Schematic diagram for soil column study. 
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was irradiated using Cesium (134Cs) as the gamma ray source. Irradiation was carried 
out by exposing the soil to 4.5-5 Mrads of gamma radiation (Lynch, 1982). 
Irradiation was performed at Radiation Services, University of Massachusetts, Lowell. 
Soil solution samples were collected from the lysimeters at the end of the saturation 
and the partial saturation periods, and analyzed for Fe2+. Iron analysis was conducted 
with the 1-10 phenanthroline method using a HACH DREL/2000 instrument module. 
After either 10, 14, or 28 weeks the soil columns were removed from the containers 
and cut across in half. The morphology of the exposed soil was photographically 
recorded and described in terms of redoximorphic features. One-half of the soil was 
prepared for thin sectioning and the other half was analyzed using X-ray diffraction 
to determine the various forms of iron present. 
Soil Column Micromorphology 
To evaluate the micromorphology of the soils in selected columns subjected 
to various environmental conditions soil thin sections were prepared. One-half of the 
soil sample was freeze dried rapidly using a Virtis unit to minimize the effect of 
oxygen. Samples were dried for 48 hours followed by impregnation with Spun- 
embedding agent under vacuum (0.08 MPa of suction) and allowed to cure (Lindbo, 
1990). Upon curing, the samples were cut in half using a diamond saw and mounted 
on 2.5 x 7.5 cm petrographic slides. Samples were ground and polished to a 
thickness of approximately 30 jiim. The thin sections were studied using a 
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petrographic microscope under plain and cross polarized light using the terminology 
developed by Brewer (1964). Point counts were made on some selected thin sections 
by counting about 1000 point along at least 4 transects using a mechanical click stage. 
Iron Mineralogy Using X-ray Diffraction 
Iron mineralogy in the column soils was studied using X-ray diffraction. 
Representative soil samples obtained from each column were dispersed ultrasonically 
in distilled water after the pH was adjusted to a value of 10 using NaOH. Soil 
samples of the < 2 /xm fraction were obtained using sedimentation and centrifugation. 
The samples were pretreated using dithionate-citrate-bicarbonate (Mehra and Jackson, 
1960) and acid ammonium oxalate (McKeage et al., 1970). Samples were saturated 
with K, air-dried and smeared onto petrographic slides. Prepared slides were analyzed 
using a Siemens X-ray diffraction unit using CuKa radiation at 45 kV and 18 mA 
running from 20° to 60° 26 at 0.1 26 per second. 
Results and Discussion 
Columns Treated at 6°C 
In order to evaluate the effect of oxidation-reduction reactions in the 
experimental columns, redox potential measurements were obtained on a daily basis 
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using a Radio Shack LCD digital multimeter attached to a calomel electrode. Redox 
potentials in each column varied for the different treatments. Redox (Eh) values in 
columns saturated with 0.1 % lactate solution at 6°C during a 10-week period, varied 
between 90 to 240 mV. Ferrous iron concentrations varied between 5 to 95 mgL'1. 
During this period of time, the pH fluctuated between 4.32 to 4.68 and the average 
ratio of Fe0/Fed derived from total iron was 0.092. There appeared to be a direct 
relationship between Eh values and Fe2+ concentrations (R2 = 0.99). Saturated 
columns with 0.1% lactate solution at 6°C for 14-weeks, showed an Eh variation of 
100 to 280 mV whereas Fe2+ values varied from 5 to 85 mgL'1. The pH of these 
columns ranged between 4.26 to 4.68. The average Fe0/Fed ratio was 0.090. Eh 
values were strongly correlated to the Fe2+ concentration (R2 = 0.98). Columns 
saturated with 0.1% lactate at 6°C for 28-weeks showed a range in Eh values between 
85 and 210 mV, and a Fe2+ concentration varying between 40 to 80 mgL'1. The pH 
ranged between 4.36 to 4.70. The average ratio of Fe0/Fed for total iron was 0.085. 
The linear correlation between Eh and Fe2+ was 0.09 (Fig. 6.2) 
Columns saturated with water at 6°C for 10-weeks showed a range in Eh 
values between 105 to 160 mV. Ferrous iron concentrations varied between 15 to 33 
mgL'1 respectively, and pH values between 5.24 to 5.79. The average ratio of Fe0/Fed 
for total iron was 0.072. The linear correlation of Eh and pH for this treatment was 
high (R2 = 0.80). Columns saturated with water for 14-weeks showed a range in Eh 
values between 100 to 230 mV and Fe2+ concentrations between 12 to 30 mgL 1 
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Table 6.1 Outline of the variables used in the column studies. 
Variable Treatment 
Microbial Activity Sterilized Soil Non-sterilized Soil 
Organic Matter Content Low, High Low, High 
Temperature (°C) 6, 20, 28 6, 20, 28 
Duration of Saturation 
(Week) 
10, 14, 28 10, 14, 28 
Moisture Regime Continuously lactate 
saturated, Continuously 
water saturated, 
Alternating cycles 
Continuously lactate 
saturated, Continuously 
water saturated, 
Alternating cycles 
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14-week, Lactate, 6 Degree C 
28-week, Lactate, 6 Degree C 
6.2 Eh, pH, and Fe2+ concentrations in soil columns saturated with 0.1% 
lactate solution at 6°C for 10, 14, and 28 weeks respectively. 
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respectively. The pH varied between 5.16 to 5.75 and the average ratio of Fe0/Fed 
fortotal iron was 0.079. The R2 value for the linear correlation between Eh and pH 
measurements was 0.20. Columns saturated with water at 6°C for a 28-week period 
showed a range of Eh values between 110 to 170 mV, and Fe2+ concentration from 
13 to 30 mgL'1. pH values ranged between 5.1 to 5.7. The average ratio of Fe0/Fed 
for total extracted iron was 0.069 with R2 values of 0.28 for the relationship between 
Eh and pH (Fig. 6.3). 
Columns initially saturated with 0.1% lactate solution and subsequently 
periodically desaturated, revealed different results. Columns kept at 6°C during 10- 
weeks, showed that Eh values ranged between 50 to 200 mV, with Fe2+ 
concentrations ranging between 20 to 64 mgL'1 respectively. pH values ranged 
between 4.37 to 4.91, while the average ratio of Fe0/Fed for total extracted iron was 
0.069. The correlation between Eh values and pH was not strong (R2 = 0.03). 
Columns initially saturated with lactate solution and subsequently partially desaturated 
at 6°C during a period of 14-weeks, showed that Eh values increased from 30 mV 
to 370 mV, from 100 mV to 260 mV, and from 100 to 290 mV during three 
consecutive periods of saturation and partial saturation respectively. Values for Fe~+ 
concentrations were 10, 15, and 10 mgL1 respectively. The range in pH values was 
between 4.82 to 5.76. The average ratio of Fe0/Fed was 0.062. For columns treated 
for 28-week, Eh values during saturation were 50, 30, 50, and 60 mV; and during 
the partially saturated periods 380, 280, 300, and 270 mV respectively. During this 
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10-week, Water, 6 Degree C 
14-week, Water, 6 Degree C 
28-week, Water, 6 Degree C 
6.3 Eh, pH, and Fe2+ concentrations in soil columns saturated with water 
at 6°C for 10, 14, and 28 weeks respectively. 
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period, the Fe2+ concentrations for the saturated and partially saturated periods were 
10, 12, 13 and 10 mgL'1, and 8.5, 6, 5, and 4 mgL'1 respectively. pH values ranged 
from 5 to 5.6. The average ratio of Fe0/Fed for total extracted iron was 0.070, and 
the R2 value for the correlation between Eh and Fe2+ concentrations was 0.66 
(Fig. 6.4 ). 
In columns containing irradiated soil saturated with lactate solution at 6°C for 
10-weeks, Eh varied between 320 to 440 mV. Fe2+ concentrations during this period 
varied between 0.4 to 1.0 mgL1, and the ratio of Fe0/Fed for total iron was 0.073. 
The linear correlation between Eh and Fe2+ concentrations had a value of 0.08. The 
pH ranged from 5.39 to 6.27. Columns containing irradiated soil treated for 14-weeks 
showed Eh values ranging between 210 to 400 mV, and Fe2+ values varying between 
0.1 to 1.0 mgL1. During this period, the pH ranged between 5.24 to 5.66. The ratio 
of Fe0/Fed for total iron, and R2 value for the linear correlation between Eh and Fe2+ 
concentrations were 0.075 and 0.26 respectively. Columns with irradiated soil 
saturated for 28-weeks showed somewhat different results than the non-treated soils. 
The range in Eh and Fe2+ concentration values was between 170 to 210 mV and 
between 0.1 to 0.6 mgL1 respectively. pH ranges for these columns were between 
5.12 to 5.64. The Fe0/Fed ratio, and R2 value for the linear correlation between the 
Eh and Fe2+ concentrations were 0.073 and 0.74 respectively (Fig. 6.5). 
Table 6.2 summarizes the variation in Eh, pH, and Fe2+ values in columns 
treated at 6°C. The Eh variation in columns saturated either by water or by lactate 
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solution for 10, 14, and 28-week are lower as compared to columns containing 
irradiated soil. The pH values in irradiated columns was higher than those in non- 
treated soil. The Fe2+ concentrations extracted from columns with irradiated soil were 
significantly lower as compared to columns containing non-irradiated soil. The results 
indicate that temperature and microbial activity may be significant in iron reducing 
processes. The duration of the saturation period in these columns did not show a 
significant effect on iron reduction. 
Table 6.3 summarizes the R2 values of the linear correlation between Eh 
values and Fe2+ concentrations obtained from columns containing either water, 
lactate, lactate and partial saturation, and lactate saturation and irradiated soil at 6°C 
for 10, 14, and 28-weeks respectively. There was no specific pattern explaining the 
variation in results. However, high R2 values were found in the linear correlation 
between Eh values and Fe2+ concentrations in columns saturated with lactate or water 
during 10 and 14-weeks. The R2 values obtained in columns saturated with either 
lactate or water for the 28-week period were not significant. 
Columns Treated at 20 °C 
The results obtained from columns containing either irradiated or non- 
irradiated soils at 20°C showed different results as compared to those obtained from 
experiments carried out at 6°C. Columns saturated with 0.1 % lactate solution during 
10-weeks showed that Eh and Fe2+ concentrations varied from 50-75 mV and 130-150 
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6.4 Eh, pH, and Fe2+ concentrations in soil columns with 0.1% 
solution with alternating cycles of saturation (4 weeks) and 
period (2 weeks) at 6°C for 10, 14, and 28 weeks respectively 
lactate 
aerated 
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10-week, Lactate, Irradiated Soil, 6 Degree C 
14-week, Lactate, Irradiated Soil, 6 Degree C 
28-week, Lactate, Irradiated Soil, 6 Degree C 
6.5 Eh, pH, and Fe2+ concentrations in columns containing irradiated soil 
which was saturated with 0.1% lactate solution at 6°C for 10, 14, and 
28 weeks respectively. 
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mgL'1 respectively. The pH during the treatments varied from 4.52-5.19. The average 
Fe0/Fed ratio and the R2 value for the correlation between Eh and Fe2+ values were 
0.148 and 0.84 respectively. Columns saturated with lactate solution for 14-weeks at 
the same temperature showed a range of Eh and Fe2+ values of 60-160 mV and 120- 
240 mgL'1 respectively. The pH values ranged between 3.78-5.32. The average 
Fe0/Fed ratio and the R2 value of the correlation between Eh and Fe2+ values were 
0.053 and 0.20 respectively. Columns treated with lactate and continuously saturated 
for 28-weeks showed Eh and Fe2+ values between 80-210 mV, and 20-190 mgL'1 
respectively. The pH varied between 3.71-4.55. The average Fe0/Fed ratio and the R 
value of the correlation between Eh and Fe2+ values were 0.037 and 0.86 respectively 
(Fig. 6.6). 
Columns saturated with water for 10 weeks at 20 °C showed a range in Eh and 
Fe2+ values between 85-130 mV and 25-55 mgL'1 respectively. The pH ranged 
between 5.1-5.34. The average Fec/Fed ratio and the R2 value for the correlation 
between Eh and Fe2+ values were 0.100 and 0.77 respectively. Columns saturated 
with water at 20°C for 14-weeks showed that Eh and Fe2+ values varied between 55- 
68 mV and 20-80 mgL'1 respectively. The range in pH was between 3.89-5.07. The 
average Fe0/Fed ratio and the R2 value of the linear correlation between Eh and Fe2+ 
concentrations were 0.079 and 0.20 respectively. The results obtained from columns 
saturated with water at 20 °C for 28-weeks showed that the range for Eh values and 
Fe2+ concentrations was 85-155 mV and 35-85 mgL1 respectively. The pH values, 
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10-week, Lactate, 20 Degree C 
14-week, Lactate, 20 Degree C 
Fig 6.6 Eh, pH, and Fe2+ concentrations in soil columns saturated with 0.1% 
lactate solution at 20°C for 10, 14, and 28 weeks respectively. 
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the average Fe0/Fed ratio, and the R2 of the linear correlation between Eh and 
dissolved Fe2+ values were 4.05-5.17, 0.28, and 0.27 respectively (Fig. 6.7). 
The effect of initial saturation with 0.1% lactate solution followed by partial 
desaturation on columns during a 10-week period showed that the range in Eh values 
and Fe2+ concentrations ranged from -45 to 420 mV and 0.1 to 80 mgL'1 respectively. 
The pH, the average Fe0/Fed ratio, and the R2 value of the correlation between Eh and 
Fe2+ concentrations was 5.66-5.94, 0.074, and 0.99 respectively. Different results 
were obtained from columns having the same basic experimental set up but for the 
longer 14-week period. Redox potentials for two consecutive saturation periods were 
-30 and -60 mV respectively, and for two consecutive partially saturated periods were 
420 and 380 mV. The Fe2+ concentrations for the two consecutive saturated and 
partially saturated periods were 170 to 55 mgL'1, and 0 to 0.1 mgL'1 respectively. The 
pH values ranged between 4-5.98. The average Fe0/Fed ratio and the R2 value of the 
linear correlation between Eh and Fe2+ concentrations were 0.037 and 0.46 
respectively. Columns treated for 28 weeks with initially lactate saturated conditions 
followed by alternatively dry/wet cycles, showed that the range of Eh values was -60, 
180, and 190 mV for saturated periods, and 440, 360, and 240 mV for the partially 
saturated periods respectively. The Fe2+ concentrations for the saturated periods were 
185, 60, and 70 mgL'1 and for the partially saturated periods 0.1, 0, and 7 mgL1 
respectively. The pH values ranged between 4.18 to 6.05. The average of the Fe0/Fed 
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10-week, Water, 20 Degree C 
14-week, Water, 20 Degree C 
28-week, Water, 20 Degree C 
6.7 Eh, pH, and Fe2+ concentrations in soil columns saturated with water 
at 20°C for 10, 14, and 28 weeks respectively. 
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ratio and the R2 value of the linear correlation between Eh and Fe2+ concentrations 
were 0.029 and 0.82 respectively (Fig. 6.8). 
Columns containing irradiated soils saturated with 0.1 % lactate solution for 10 
weeks at 20°C, showed a range in Eh values and Fe2+ concentrations between 1 GO- 
165 mV and 30-90 mgL'1 respectively. The pH, the average Fe0/Fed ratio, and the R2 
value of the linear correlation between Eh and Fe2+ concentrations were 4.93-5.26, 
0.062, and 0.78 respectively. Results obtained from columns containing irradiated 
soils saturated for 14 weeks with lactate solution showed Eh values and Fe2+ 
concentrations varying from 150-200 mV, and 50-90 mgL1 respectively. The range 
in pH values was between 4.33-5.54. The average Fe0/Fed ratio and the R2 value of 
the linear correlation between Eh values and Fe2+ concentrations were 0.60 and 0.79 
respectively. Irradiated soils saturated for 28 weeks had Eh values and Fe2+ 
concentrations ranging from 150 to 180 mV and 50-75 mgL1 respectively. The pH 
ranged from 4.5 to 5.5. The values for the average Fe0/Fed ratio and the R2 value of 
the linear correlation between Eh and Fe2+ concentrations were 0.065 and 0.76 
respectively (Fig. 6.9). 
Table 6.4 summarizes the Eh, pH, and Fe2+ results in the columns treated at 
20°C. The Eh values in columns which were partially saturated with lactate solution 
for 10, 14, and 28 weeks were lower than the continuously saturated columns 
containing soil that was irradiated prior to the treatments. On the other hand, the 
variation in Eh values is narrower in columns that were saturated either with water 
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14-week, Lactate Partial Saturation, 20 Degree C 
28-week, Lactate Partial Saturation, 20 Degree C 
6.8 Eh, pH, and Fe2+ concentrations in soil columns with 0.1% lactate 
solution with alternating cycles of saturation (4 weeks) and aerated 
period (2 weeks) at 20°C for 10, 14, and 28 weeks respectively. 
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200 * i® p- ® 
Tim® (Week) 
10-week, Lactate, Irradiated Soil, 20 Degree C 
28-week, Lactate, Irradiated Soil, 20 Degree C 
Fig 6.9 Eh, pH, and Fe2+ concentrations in columns containing irradiated soil 
which was saturated with 0.1 % lactate solution at 20°C for 10, 14, and 
28 weeks respectively. 
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or lactate solution during 10, 14, and 28-week periods. In general, the results 
revealed that the Eh values at 20 °C were much lower as compared to columns treated 
at 6°C. The pH values in columns saturated either with water or lactate were lower 
as compared to other treatments. The Fe2+ concentrations extracted from columns 
treated with lactate were higher than in other treatments. The Fe2+ concentrations 
obtained from columns containing irradiated soils were not significantly different from 
columns containing untreated soil. The results indicate that the level of organic matter 
(as expressed by the presence of lactate) and temperature may be considered the 
primary parameters controlling iron reduction processes. The use of sterilized soil did 
not lead to significantly different values perhaps the result of the reestablishment of 
a bacterial population. Length of the period of saturation showed a significant effect 
on iron reduction. 
Table 6.5 summarizes the R2 values of the linear correlation between Eh 
values and Fe2+ concentrations obtained from columns treated with water; lactate; 
lactate and partial saturation; and lactate saturation and irradiated soil at 20°C for 10, 
14, and 28 weeks respectively. The R2 values indicate a significant correlation 
between Eh values and Fe2+ concentrations in most of the columns regardless of the 
treatment. 
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Columns Treated at 28 °C 
Columns saturated with 0.1% lactate at 28°C for 10 weeks showed that the 
range of Eh values and Fe2+ concentrations was between 28 to 85 mV, and 250 to 
300 mgL'1 respectively. The pH range, the average Fe0/Fed ratio, and the R2 value of 
the linear correlation between Eh and Fe2+ concentrations were 4.91-5.06, 0.101, and 
0.51 respectively. Results obtained from identical columns treated for 14 weeks 
revealed a range of Eh values and Fe2+ concentrations between -75 to 25 mV, and 40 
to 110 mgL'1 respectively. These columns had a pH range of 4.15-5.73, an average 
Fe0/Fed ratio of 0.5, and R2 value of the linear correlation between Eh and Fe2+ 
concentrations of 0.14. Values from similar columns for the 28-week period showed 
Eh and dissolved Fe2+ values that were -115 to 20 mV, and 45 to 135 mgL'1 
respectively. The range in pH, the average Fe0/Fed ratio, and R2 values of the linear 
correlation between Eh and Fe2+ concentrations were 4.05-5.73, 0.039, and 0.04 
respectively (Fig. 6.10). 
Columns saturated with water for 10 weeks at 28°C (Fig. 6.11) showed that 
Eh values and Fe2+ concentrations varied between 130-140 mV, and 20-95 mgL"1 
respectively. The pH range, the average Fe0/Fed ratio, and R2 value of the linear 
correlation between Eh and Fe2+ concentrations were 5.52-6.15, 0.085, and 0.99 
respectively. Columns saturated with water at 28°C for 14 weeks showed that the 
range of Eh values and Fe2+ concentrations were 110-155 mV, and 25-105 mgL'1 
respectively. The pH range, the average Fe0/Fed ratio, and R2 value of the correlation 
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10-week, Lactate, 28 Degree C 
14-week, Lactate, 28 Degree C 
28-week, Lactate, 28 Degree C 
6.10 Eh, pH, and Fe2+ concentrations in soil columns saturated with 0.1% 
lactate solution at 28°C for 10, 14, and 28 weeks respectively. 
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10-week, water, 28 Degree C 
14-week, Water, 28 Degree C 
28-week, Water, 28 Degree C 
Fig 6.11 Eh, pH, and Fe2+ concentrations in soil columns saturated with water 
at 28°C for 10, 14, and 28 weeks respectively. 
175 
between Eh values and Fe2+ concentrations were 4.13-6.11, 0.029, and 0.50 
respectively. Columns saturated for 28 weeks with water indicated Eh values and Fe2+ 
concentrations of 45-165 mV, and 40-210 mgL'1 respectively. The pH range, the 
average Fe0/Fed ratio, and the R2 value of the linear correlation between Eh and Fe2+ 
concentrations were 3.73-4.86, 0.03, and 0.01 respectively. 
The effect of alternating wetting and drying cycles in columns containing 
lactate solution during a 10-week period, showed that the range of Eh values and Fe2+ 
concentrations were -110 to 230 mV and 0.1 to 150 mgL1 respectively. The pH 
range, the average Fe0/Fed ratio, and the R2 value of the linear correlation between 
Eh values and Fe2+ concentrations were 5.54-5.8, 0.097, and 0.99 respectively. 
Columns treated for 14 weeks showed a range of Eh values for the saturated and 
aerated periods between 0-50 mV, and 300-320 mV respectively. Dissolved Fe2+ 
concentrations for the two consecutive saturated and aerated periods were 60-220 
mgL1, and 0.1-1 mgL1 respectively. The range in pH, the average Fe0/Fed ratio, and 
the R2 value for the linear correlation between Eh and Fe2+ concentrations were 
respectively 4.33-5.91,0.032, and 0.46. Columns treated for 28-week showed a range 
in Eh values of -130, 0, and 160 mV for three consecutive saturated periods, and 240, 
250, and 320 mV for three partially saturated periods respectively. The Fe2+ 
concentrations were 240, 150, and 75 mgL1 for the saturated periods, and 0.1, 30, 
and 9 mgL1 for partially saturated periods respectively. The pH range, the average 
176 
Fe0/Fed ratio, and the R2 value for the linear correlation between Eh values and Fe2+ 
concentrations were 4.2-5.95, 0.031, and 0.73 respectively (Fig. 6.12). 
Treatments with irradiated soils were substantially different from non- 
irradiated soil. The Eh values and Fe2+ concentrations in columns saturated with 
lactate solution at 28°C for 10 weeks were 55-85 mV, and 15-85 mgL'1 respectively. 
The pH range, the average Fe0/Fed ratio, and the R2 between Eh values and Fe2+ 
concentrations were respectively 5.1-5.98, 0.064, and 0.01. The results from columns 
treated for 14 weeks revealed a range of Eh values and Fe2+ concentrations between 
135-200 mV, and 30-95 mgL"1 respectively. The pH range, the average Fe0/Fed ratio, 
and R2 for the correlation between Eh and Fe2+ concentrations were respectively 4.38- 
5.23, 0.062, and 0.09. Columns treated for 28 weeks, showed Eh values and Fe2+ 
concentrations between 120-190 mV and 55-90 mgL'1 respectively. The range in pH 
values, the average Fe0/Fed ratio, and the R2 value of the correlation between Eh and 
Fe2+ concentrations were 4.5-5.5, 0.060, and 0.07 respectively (Fig. 6.13). 
Overall Eh values, Fe2+concentrations, and pH values from columns treated 
at 28 °C are summarized in Table 6.6. The results indicated that Eh values in columns 
saturated with lactate, especially for the 14 and 28 weeks duration, were below 0 mV. 
Columns with cyclical periods of aeration showed Eh values that were below 0 mV 
just during the saturation periods but not during the aerated period. This shows the 
significant contribution of a suitable microbial population in the iron reduction 
process. 
177 
14-week, Lactate Partial Saturation, 28 Degree C 
28-week, Lactate Partial Saturation, 28 Degree C 
6.12 Eh, pH, and Fe2+ concentrations in soil columns with 0.1% lactate 
solution with alternating cycles of saturation (4 weeks) and aerated 
period (2 weeks) at 28°C for 10, 14, and 28 weeks respectively. 
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10-week, Lactate, Irradiated Soil, 28 Degree C 
14-week, Lactate, Irradiated Soil, 28 Degree C 
28-week, Lactate, Irradiated Soil, 28 Degree C 
6.13 Eh, pH, and Fe2+ concentrations in columns containing irradiated soil 
which was saturated with 0.1 % lactate solution at 28°C for 10, 14, and 
28 weeks respectively. 
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Similarly, columns with irradiated soil exhibited much higher Eh values than similar 
columns with regular soil. 
Table 6.7 summarizes the range in R2 values for the linear correlation between 
Eh measurements and Fe2+ concentrations obtained from columns treated either with 
water, lactate, lactate and partial saturation, or lactate saturation and irradiated soil 
at 28°C for 10, 14, or 28 weeks. The R2 values indicate a significant correlation 
between Eh values and Fe2+ concentrations in columns treated with plain water as 
compared to the other treatments. 
Column Morphology 
Soil color changes in the column studies were evaluated after the columns 
were taken apart. The columns were split lengthwise and the color of ped faces and 
any recognizable redoximorphic feature in each half were evaluated using Munsell 
Soil Color Charts. 
Columns subjected to the various treatments at 6°C for 10, 14, and 28 weeks 
respectively showed that the hue of the moist soil after column destruction varied 
between 5YR to 7.5YR. Values and chromas varied between 3 and 4 for both 
parameters. No mottle development was observed in the upper part of the soil 
columns, which is relatively exposed to air, and on the ped faces (Table 6.8). 
Columns treated at 20°C showed hues ranging from 5YR to 7.5YR, values of 
4 and chromas ranging from 2 to 4. Columns treated with lactate solution for either 
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. 
14 or 28 weeks showed lower chromas and mottle development in the top layer of 
some columns. Columns treated for 28 weeks with lactate solution showed common, 
coarse, distinct mottles with a color of 7.5YR 5/8. For columns with alternating 
cycles of lactate solution saturation followed by a drying cycles, and lactate saturation 
and irradiated soils, the mottle colors were 7.5YR 5/8 (few, fine, faint) and 7.5YR 
7/6 (many, coarse, faint) respectively. Occurrence of mottles on the ped face of 
columns was not observed (Table 6.9) 
In columns at 28°C, the range in hues varied from 5YR to 10YR, values 
varied between 3-5 and chromas between 3-4. Mottle development in both the top 
layer and ped faces of the soil columns was evident, especially in those treated for 14 
and 28 weeks. The mottle colors were 7.5YR 5/8 (common, many, distinct) on the 
top layer, and 7.5YR 5/8 (few, fine, distinct) on the ped face respectively (Table 
6.10). 
Qualitative Identification of Ferrous Iron 
The presence of ferrous iron in the columns was qualitatively assessed by 
spraying a 1 M of NH4OAc containing a,a - dipyridyl (Ransom and Smeck, 1986). 
Regardless of the treatment, most of the soils used in the column studies showed the 
development of a bright reddish color upon application of the indicator which showed 
the presence of Fe2+. The strength of color development coincided with the detection 
of Fe2+ in soil-water samples. 
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Prediction of Stability of Iron Using Eh-pH Diagrams 
To investigate the stability of different Fe species under various conditions, 
Eh-pH diagrams were applied to the chemical data obtained from the column studies. 
Eh-pH diagrams and stability boundaries between Fe(II) and Fe(OH)3 already have 
been explained in Chapter V. The results indicated that except for columns treated for 
10 weeks at 6 °C, the observed Eh values were located in the Fe2+ region. This 
appeared to be true even though the results of the morphological and 
micromorphological observations did not indicate ferrous iron reduction in some of 
the columns, the Eh-pH diagrams however, predicted the presence of reduced iron 
in most of the soil columns (Figures 6.14 through 6.16). 
Soil Column Micromorphology 
The micromorphology of soils saturated with lactate at 6°C for 28 weeks 
showed that iron nodules were mostly irregular and ellipsoidal in shape with very 
sharp and discrete boundaries. The internal fabric was composed of sesquioxides with 
some fine grains as internal plasmic fractions. The external boundary of the iron 
nodules was embedded in the plasmic fabric indicating that slight dissolution 
occurred. There was no strong evidence of grain cutan formation (Fig. 6.17). 
Soils in columns treated with lactate for 14 weeks at 20°C, showed evidence 
of dissolution of iron bearing nodules. After 14 weeks of treatment, some iron 
nodules showed an irregular shape with rather sharp to diffuse boundaries. The 
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Fig. 6.14 Eh-pH phase diagrams for Fe stability field for soil column saturated 
with lactate (LS), water (WS), lactate with partial saturation (LPS), and 
lactate saturation and irradiation (LSIR) at 6°C for 10, 14, and 28 
weeks respectively. 
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Fig. 6.15 Eh-pH phase diagrams for Fe stability field for soil column saturated 
with lactate (LS), water (WS), lactate with partial saturation (LPS), and 
lactate saturation and irradiation (LSIR) at 20°C for 10, 14, and 28 
weeks respectively. 
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Fig. 6.16 Eh-pH phase diagrams for Fe stability field for soil column saturated 
with lactate (LS), water (WS), lactate with partial saturation (LPS), and 
lactate saturation and irradiation (LSIR) at 28°C for 10, 14, and 28 
weeks respectively. 
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Fig. 6.17 Photomicrograph of an irregular iron nodule with very sharp and 
discrete boundary from soil column saturated with 0.1 % lactate solution 
at 6°C for 28 weeks. M = matrix, N = nodule, S = skeleton grain. 
1) photograph, 2) schematic. 
191 
internal fabric contained concentric, fine to coarse grains as plasmic fractions. The 
external boundaries consisted of skew neocutanic features possibly composed of 
reduced iron minerals. Also, the dissolution of some primary iron bearing minerals 
like biotite and the opening of individual minerals adjacent to voids and openings was 
evident (Fig. 6.18). 
Columns treated at higher temperatures either with water or lactate solution 
showed entirely different micromorphological features. The columns treated with 
lactate solution for 28 weeks at 28 °C indicated that the iron nodules were very diffuse 
and irregular. The external boundary of the nodule adjacent to voids showed well 
developed neoferrans due to the partial reduction of iron minerals (Fig. 6.19). 
Neocutanic features occurred along channels and chambers filled with either water or 
lactate solution (Fig. 6.20). The weathering intensity of primary iron bearing minerals 
like biotite was very high (Fig. 6.21) in comparison to soils treated at lower 
temperatures or shorter periods of saturation (Fig. 6.22). Grain cutanic features were 
well developed in these samples. The plasmic material including dissolved 
sesquioxides and clay particles were strongly oriented as grain cutans (Fig. 6.23). 
The distribution and abundance of the different micromorphological features 
including weathered and unweathered grains, argillans, ferrans, weathered and fresh 
iron nodules, grain cutans, matrix and voids were described in some selected thin 
sections prepared from the column soils. Modal analyses were conducted by counting 
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Fig. 6.18 Photomicrograph of an irregular iron nodule with rather diffuse 
boundary consisted of skew neoferran from soil column saturated with 
0.1% lactate solution at20°C for 14 weeks. M = matrix, N = nodule, 
NF = neoferran, S = skeleton grain. 1) photograph, 2) schematic. 
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Fig. 6.19 Photomicrograph of an irregular iron nodule with very diffuse boundary 
consisted of a well developed neoferran from soil column saturated with 
0.1% lactate solution at 28°C for 28 weeks. N = nodule, NF = 
neoferran, S = skeleton grain, V = void. 1) photograph, 2) schematic. 
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Fig. 6.20 Photomicrograph of a channel neoferran from soil column saturated 
with 0.1% lactate solution at 28°C for 28 weeks. N = nodule, NF = 
neoferran, S = skeleton grain, V = void. 1) photograph, 2) schematic. 
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Fig. 6.21 Photomicrograph of an exfoliated biotite grain from soil column 
saturated with 0.1% lactate solution at 28°C for 28 weeks. M = 
matrix, S = skeleton grain, V = void, WB = weathering biotite. 1) 
photograph, 2) schematic. 
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Fig. 6.22 Photomicrograph of an unaltered biotite grain from soil column 
saturated with water at 6°C for 28 weeks. B = biotite grain, M = 
matrix, S = skeleton grain. 1) photograph, 2) schematic. 
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Fig. 6.23 Photomicrograph of a well oriented grain cutan (argillan) from soil 
column saturated with 0.1% lactate solution at 28 °C for 28 weeks. A 
= argillan, M = matrix, S = skeleton grain, V = void. 1) photograph, 
2) schematic. 
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about 1000 point counts along a minimum of 4 transects using a petrographic 
microscope equipped with a mechanical click stage. 
Columns saturated with lactate solution at 6°C for 28 weeks showed a ratio 
of unweathered grains to weathered grains of 6.07, a ratio of fresh nodules to 
weathered nodules of 9.5, and very small percentage (0.2%) of grain cutans (Fig. 
6.24). 
The soil saturated with water at 20 °C for 14 weeks showed ratios of 
unweathered to weathered grains, and fresh nodules to weathered nodules of 0.30 and 
1.44 respectively. Grain cutans contributed 1.8% (Fig. 6.25). 
Modal analysis of a continuously water saturated samples treated for 10 weeks 
at 28 °C showed that the ratio of unweathered to weathered grains and fresh nodules 
to weathered nodules was 0.52 and 0.61 respectively. Grain cutans accounted to 3 
(Fig. 6.26). Point counts of different micromorphological features of continuously 
lactate saturated samples treated for 10 weeks at 28 °C revealed that the ratio of 
unweathered to weathered grains and fresh nodules to weathered nodules was 0.25 
and 0.12 respectively. The percentage of grain cutans was 5.54 (Fig. 6.27). Modal 
analysis of soils treated with lactate solution at 28 °C for 14 weeks showed ratios of 
unweathered to weathered grains and fresh nodules to weathered nodules of 0.31 and 
0.31 respectively. In this sample, the total amount of grain cutans was 12.5% (Fig. 
6.28). Soil treated with lactate solution for 28 weeks at 28°C showed ratios of 
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unweathered grains to weathered grains, and of fresh nodules to weathered nodules 
of 0.15 and 0.28 respectively. Grain cutans totalled 16.02% (Fig. 6.29). 
X-ray Diffraction Patterns of Soils Treated at 6°C 
The X-ray diffraction patterns of the original, untreated soil showed peaks 
attributed to illite/quartz appearing at 0.334 nm and to lepidocrocite at 0.331 nm. 
Peaks attributed to goethite and goethite/ferrihydrite appeared at 0.226 and 0.197 nm 
respectively. Peaks attributed to hematite were poorly crystalline in comparison to 
goethite and lepidocrocite and appeared at 0.252 and 0.184 nm respectively. This 
indicates that the reddish color of soil matrix is mainly due to the presence of 
hematitic iron coatings on the soil grains. 
Columns treated at 6°C with either water or lactate solutions with both 
irradiated and non-irradiated soils for 10, 14, and 28 weeks, showed weak evidence 
that some of the peaks associated with lepidocrocite, goethite, or weakly crystallized 
hematite were disappearing as compared to the control sample (Figures 6.30, 6.31, 
and 6.32). 
X-ray Diffraction Patterns of Soils Treated at 20 °C 
Columns treated at 20°C with either water or lactate solution during a 10-week 
period showed that most of the iron minerals occurring as lepidocrocite, goethite, and 
hematite are subject to dissolution. This was evident by the disappearance of peaks 
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Fig. 6.24 Modal analysis of soil in columns saturated with 0.1% lactate solution 
at 6°C for 28 weeks. 
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Fig. 6.25 Modal analysis of soil in columns saturated with water at 20°C for 14 
weeks. 
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Fig. 6.26 Modal analysis of soil in columns saturated with water at 28°C for 10 
weeks. 
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Fig. 6.27 Modal analysis of soil in columns saturated with 0.1% lactate solution 
at 28°C for 10 weeks. 
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Fig. 6.28 Modal analysis of soil in columns saturated with 0.1 % lactate solution 
at 28°C for 14 weeks. 
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Fig. 6.29 Modal analysis of soil in columns saturated with 0.1% lactate solution 
at 28°C for 28 weeks. 
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Fig. 6.30 X-ray diffraction patterns of iron minerals before (control) and after 
treating with water (W), lactate (L), lactate and partial solution (LP), 
and lactate saturation and irradiated soil (LR) at 6°C for 10 weeks. 
Hematite (H), illite/quartz (I/Q), lepidocrocite (LEP), goethite (G), 
goethite/ferrihydrite (G/F), and ferrihydrite (F) were identified. Samples 
were extracted with acid ammonium oxalate prior to analysis. 
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Fig. 6.31 X-ray diffraction patterns of iron minerals before (control) and after 
treating with water (W), lactate (L), lactate and partial solution (LP), 
and lactate saturation and irradiated soil (LR) at 6°C for 14 weeks. 
Hematite (H), illite/quartz (I/Q), lepidocrocite (LEP), goethite (G), 
goethite/ferrihydrite (G/F), and ferrihydrite (F) were identified. Samples 
were extracted with acid ammonium oxalate prior to analysis. 
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Fig. 6.32 X-ray diffraction patterns of iron minerals before (control) and after 
treating with water (W), lactate (L), lactate and partial solution (LP), 
and lactate saturation and irradiated soil (LR) at 6°C for 28 weeks. 
Hematite (H), illite/quartz (I/Q), lepidocrocite (LEP), goethite (G), 
goethite/ferrihydrite (G/F), and ferrihydrite (F) were identified. Samples 
were extracted with acid ammonium oxalate prior to analysis. 
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attributed to these minerals as compared to the control sample. The peaks of 
lepidocrocite, goethite, and hematite at 0.331, 0.226, and 0.252 nm respectively 
disappeared as result of the different hydrologic regimes. 
Columns treated at 20°C with either water or lactate solution during 14 weeks, 
did not exhibit pronounced differences with columns at 10-week period. The only 
difference between the 10- and 14-week periods was that columns treated with lactate 
for 14 weeks, showed greater evidence of hematite dissolution. 
Columns treated with either water or lactate solution for 28 weeks showed 
evidence of secondary lepidocrocite formation at the expense of primary lepidocrocite, 
goethite, and the weakly crystallized hematite. The X-ray diffraction patterns at 0.331 
nm showed distinct evidence of secondary lepidocrocite formation (Figures 6.33, 
6.34, and 6.35). 
X-ray Diffraction Patterns of Soils Treated at 28 °C 
X-ray diffraction patterns of soils treated either with water or with lactate 
solution for 10 weeks showed evidence of disappearing peaks at 0.331, 0.252, and 
0.226 nm as compared to the original soil. These peaks are associated with 
lepidocrocite, hematite, and goethite respectively. 
The X-ray diffraction patterns from columns treated either with lactate, water, 
or with lactate and irradiated soil showed evidence of dissolution of iron minerals 
primarily the peaks at 0.331, 0.252, and 0.226 nm. These peaks were related to 
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Fig. 6.33 X-ray diffraction patterns of iron minerals before (control) and after 
treating with water (W), lactate (L), lactate and partial solution (LP), 
and lactate saturation and irradiated soil (LR) at 20°C for 10 weeks. 
Hematite (H), illite/quartz (I/Q), lepidocrocite (LEP), goethite (G), 
goethite/ferrihydrite (G/P), and ferrihydrite (F) were identified. Samples 
were extracted with acid ammonium oxalate prior to analysis. 
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Fig. 6.34 X-ray diffraction patterns of iron minerals before (control) and after 
treating with water (W), lactate (L), lactate and partial solution (LP), 
and lactate saturation and irradiated soil (LR) at 20 °C for 14 weeks. 
Hematite (H), illite/quartz (I/Q), lepidocrocite (LEP), goethite (G), 
goethite/ferrihydrite (G/F), and ferrihydrite (F) were identified. Samples 
were extracted with acid ammonium oxalate prior to analysis. 
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Fig. 6.35 X-ray diffraction patterns of iron minerals before (control) and after 
treating with water (W), lactate (L), lactate and partial solution (LP), 
and lactate saturation and irradiated soil (LR) at 20°C for 28 weeks. 
Hematite (H), illite/quartz (I/Q), lepidocrocite (LEP), goethite (G), 
goethite/ferrihydrite (G/F), and ferrihydrite (F) were identified. Samples 
were extracted with acid ammonium oxalate prior to analysis. 
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lepidocrocite, hematite, and goethite respectively. The results indicated the initial 
stages of lepidocrocite formation (at 0.331 nm) for the water saturated columns. 
X-ray diffraction patterns in columns saturated either with water, lactate 
solution, partially saturated with lactate, or saturated with lactate and having 
irradiated soil showed that most of the peaks contributed to lepidocrocite, hematite, 
and goethite showed dissolution within less than 10 weeks. Secondary lepidocrocite 
as indicated by a peak at 0.331 nm was formed at the expense of other iron minerals 
(Figures 6.36, 6.37, and 6.38). 
Formation of secondary lepidocrocite in the columns treated at 20 °C and 28 °C 
for 28 weeks is evident. In the columns with either water or lactate solution at the 
higher temperatures, the weakly crystallized iron bearing minerals partially underwent 
dissolution. This is evident when comparing the X-ray diffraction patterns of the 
control to those obtained after the different treatments. Diffraction patterns revealed 
the gradual formation of lepidocrocite in columns treated for 28 weeks at 20 °C and 
28°C with both water and lactate treatment. Morphologically, lepidocrocite is easily 
recognized by its orange color. The ratio of oxalate extractable Fe to the DCB- 
extracted Fe (Fe0/Fed) appears to be a reliable indicator of the aforementioned 
processes (see Tables 6.8 through 6.10). Schwertmann et al. (1986) showed that 
natural and synthetic ferrihydrites are nearly completely oxalate soluble, whereas well 
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Fig. 6.36 X-ray diffraction patterns of iron minerals before (control) and after 
treating with water (W), lactate (L), lactate and partial solution (LP), 
and lactate saturation and irradiated soil (LR) at 28°C for 10 weeks. 
Hematite (H), illite/quartz (I/Q), lepidocrocite (LEP), goethite (G), 
goethite/ferrihydrite (G/F), and ferrihydrite (F) were identified. Samples 
were extracted with acid ammonium oxalate prior to analysis. 
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Fig. 6.37 X-ray diffraction patterns of iron minerals before (control) and after 
treating with water (W), lactate (L), lactate and partial solution (LP), 
and lactate saturation and irradiated soil (LR) at 28°C for 14 weeks. 
Hematite (H), illite/quartz (I/Q), lepidocrocite (LEP), goethite (G), 
goethite/ferrihydrite (G/F), and ferrihydrite (F) were identified. Samples 
were extracted with acid ammonium oxalate prior to analysis. 
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Fig. 6.38 X-ray diffraction patterns of iron minerals before (control) and after 
treating with water (W), lactate (L), lactate and partial solution (LP), 
and lactate saturation and irradiated soil (LR) at 28°C for 28 weeks. 
Hematite (H), illite/quartz (I/Q), lepidocrocite (LEP), goethite (G), 
goethite/ferrihydrite (G/F), and ferrihydrite (F) were identified. Samples 
were extracted with acid ammonium oxalate prior to analysis. 
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crystalline lepidocrocite is much less oxalate soluble. Formation of lepidocrocite was 
not evident in columns treated at lower temperatures. In this case the ratio of Fe0/Fed 
is smaller than 0.1. 
The effect of high organic carbon content on the formation of ferrihydrite is 
evident. Ferrous iron mobilized through weathering of iron bearing minerals interacts 
with surface-Fe and inhibits the formation of either goethite and lepidocrocite in favor 
of ferrihydrite. The main effect of the organic matter appears to be blocking of the 
transformation of ferrihydrite to other iron mineral forms like goethite and hematite. 
By increasing the amount of organic carbon and adsorption of organics on surface-Fe, 
more and more of the Fe will complex and lower the activity of Fe in solution. This 
contributes to the inhibition of iron oxide formation. 
The formation of lepidocrocite from reduced Fe in saturated conditions is 
associated with the presence of redoximorphic conditions existing in the columns. 
Presence of Fe2+ is a prerequisite for lepidocrocite formation. Lepidocrocite 
formation from Fe2+ occurs when the mobile Fe moves to the better aerated sites 
where it reoxidizes and forms lepidocrocite. 
X-ray diffraction patterns revealed that dissolution of iron bearing minerals 
may have increased the concentration of Fe2+ in areas where the partial pressure of 
oxygen was lowest. Mobile Fe2+ moved towards the somewhat drier and slightly more 
aerated sites. In a closed system like the columns studied, the upper few millimeters 
of the soil columns showed orange colors as compared to the lower part. This perhaps 
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indicates the presence of oxidized iron (lepidocrocite) minerals due to the re-oxidation 
of available ferrous iron. 
Correlation Between Column and Field Studies 
The field studies (Chapter IV) showed that the initial color of the well-drained 
soils ranged between dark yellowish brown (10YR 4/6) to dark reddish brown (5YR 
4/4) with mottle colors ranging between red (2.5YR 4/6) and grayish brown (10YR 
5/2). The color range for the moderately well drained soils was between yellowish 
brown (10YR 5/6) and reddish brown (5YR 5/4) with mottle colors varying from light 
gray (10YR 7/2) to reddish brown (5YR 5/4). In the poorly drained site, the soil 
matrix color ranged between grayish brown (2.5Y 5/2) to brown (7.5Yr 5/2) with 
mottle colors ranging from brown (7.5YR 5/6) to gray (10YR 5/1). Soil which was 
used for column studies was initially a reddish brown (5YR 4/4) soil derived from the 
Btl horizon of the well-drained site. The effect of different environmental conditions 
on this soil was evaluated in the column studies reported in Chapter VI. Columns 
which were treated at 6°C for the different variables did not develop any 
redoximorphic features. In these columns mottle development were not evident. But 
in columns treated at higher temperatures the occurrence of redoximorphic features 
was significant (Chapter VI). Apparently, the low temperatures negatively affected 
the microbial activity which retarded mottle development. This appeared to be true 
even in the presence of sufficient amounts of organic carbon. In the well-drained site, 
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the iron supply in the various horizons was high enough to allow reduction reactions 
if the appropriate conditions existed. The lack of redoximorphic development in the 
well-drained and moderately well drained soils was related to the absence of a suitable 
microbial community due to shorter saturation periods. 
Micromorphological features observed in the columns and field studies showed 
that in columns which were treated with lactate solution for longer periods and at 
higher temperatures, Fe bearing grains showed significant evidence of weathering and 
dissolution. Similar observations were made in the Cg horizons of the poorly drained 
soil. Higher temperatures and period of saturation appear to be the most important 
factors in the process of Fe mineral weathering. 
Both field and column studies indicated that by providing sufficient organic 
carbon, high water activity, high temperatures, and longer saturation periods, 
lepidocrocite was formed. Lepidocrocite is an iron mineral which predominantly is 
formed in reducing environments. The identification of lepidocrocite in both column 
studies and the poorly drained field soil, may indicate that this mineral is a relevant 
pedoenvironmental indicator for the existence of reducing conditions. 
Conclusions 
The column studies showed that ferrous iron concentrations extracted from 
columns treated with lactate solution at higher temperatures and longer period of 
saturation were significantly higher as compared to columns treated at low 
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temperatures and shorter periods of saturation. The effect of lactate on Fe reduction 
was evident. The effect of irradiation was more pronounced in columns treated in 
lower temperatures as compared to columns with higher temperatures. The microbial 
population perhaps reestablished itself more quickly in the high temperature columns. 
The effect of alternating wetting and drying cycles in columns saturated with lactate 
solution and treated for a longer time period, showed that the range of Eh values was 
significantly lower than in columns which were either treated for shorter time 
intervals or at lower temperatures. These columns also exhibited greater reduced iron 
concentrations. A strong linear correlation was evident between the Eh values and 
Fe2+ concentrations in most of the columns which were treated for longer times, 
higher temperatures, and with lactate solution. Morphological studies of the column 
soil revealed redoximorphic feature development in columns which were treated at 
higher temperatures, with lactate solution, and for longer periods of saturation. 
Qualitative identification of ferrous iron using a,a - dipyridyl indicated that regardless 
of the treatment, most of the soils showed bright reddish color upon application of the 
indicator. 
Eh-pH phase diagrams showed that except for the columns treated at 6°C for 
10 weeks, Eh values generally were located in the Fe2+ stability field. Results of 
micromorphological analysis showed significant evidence of the dissolution of iron 
bearing minerals which was more expressed to a greater degree in columns treated 
at higher temperatures and for longer time periods as compared to columns treated 
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at lower temperatures and shorter times. Point counts of the different 
micromorphological features indicated that the weathering of grains, development of 
grain cutans, and dissolution of Fe nodules were more pronounced in columns which 
were treated at higher temperatures and during longer time periods. X-ray diffraction 
patterns revealed the formation of lepidocrocite related to the occurrence of reducing 
environments. Such environments were created in the columns treated with lactate 
solution, higher temperatures, and longer time intervals. 
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CHAPTER VH 
SUMMARY AND CONCLUSIONS 
The field studies indicated that the coarser portion of the fine earth increased 
from the upper horizons downwards in all of the pedons studied. The percentage of 
clay tended to be higher in the Bt horizons of the well-drained and moderately well 
drained sites as compared to the poorly drained site. Bulk densities increased from the 
upper horizons downwards and their values ranged from 1.18 to 2.15 gem'3. Moisture 
retention and water holding capacity generally were higher in the poorly drained site 
as compared to the well-drained and moderately well drained sites. The range of the 
water holding capacity between 30-1500 kPa pressure was 22% in the poorly drained 
site. 
Chemical analysis indicated that the poorly drained site was more acidic as 
compared to the well-drained and moderately well drained sites. Organic carbon 
content showed almost similar values in the pedons studied. Cation exchange 
capacities were higher in the subsurface horizons as compared to the upper horizons. 
Total extractable iron content was much higher in the well-drained soils as compared 
to the poorly drained soils. Elemental analysis using X-ray fluorescence indicated that 
the Si content of the soils studied was close to 80% of the total sample. There was 
a negative correlation between Si and A1 concentrations in the different soil horizons. 
The results of XRD patterns indicated that hematite and goethite were more abundant 
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in the well-drained and the moderately well drained sites as compared to the poorly 
drained site. Hematite appeared to be an inherited mineral derived from the Triassic 
redbeds. In the poorly drained site, goethite, lepidocrocite, and ferrihydrite were the 
dominant iron minerals. 
Illite was dominant in the well-drained and moderately well drained sites. In 
the poorly drained site, vermiculite was formed at the expense of illite. Soil 
micromorphological observations indicated that well oriented argillans constituted 
almost 10.8% of the total area in the Bt horizon of the well-drained site. In the poorly 
drained site, ferrans, iron nodules, and grain cutans were not very evident. Plasmic 
fabric in the well-drained site was dominandy vosepic, but in the poorly drained site 
skelsepic was also recognized. Scanning electron microscopy did not show significant 
evidence of Fe removal and dissolution of Fe-bearing grains. In the poorly drained 
site, the dissolution of iron bearing minerals indicated a higher weathering intensity 
related to the existing reducing environment. Heavy mineral analysis showed that the 
weathering rate was higher in the poorly drained site as compared to the well-drained 
site. 
Field measurements of Eh, pH, and Fe2+ concentrations indicated that during 
the growing season the poorly drained site tended to have a more reducing 
environment as compared to the well-drained and moderately well drained sites. 
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Qualitative identification of ferrous iron using a,a - dipyridyl indicator was not 
possible in the well-drained and the poorly drained sites during the later part of the 
growing season. 
According to Eh-pH phase diagrams the well-drained and the moderately well 
drained soils showed a predominance of iron minerals in the Fe(OH)3 stability field 
while values derived from the poorly drained site indicated greater predominance in 
the Fe(II) field. The column studies revealed that the ferrous iron concentrations 
extracted from columns treated with lactate solution at higher temperatures and for 
longer period of saturation were significantly higher as compared to columns treated 
at lower temperature and shorter periods of saturation. The effect of lactate, hence 
of organic matter, was evident as a variable affecting Fe reduction reactions. The 
effect of irradiation on soil was more pronounced in columns treated at lower 
temperatures as compared to columns which were kept at higher temperatures after 
irradiation. 
The effect of alternating wetting and drying cycles in columns saturated with 
lactate solution and treated for longer times, indicated that the range of Eh 
measurements was significantly lower as compared to columns which were either 
treated at shorter time periods or at lower temperatures. Reduced iron concentrations 
were significant in these columns. A high linear correlation was shown between Eh 
values and Fe2+ concentrations in most of the columns treated for longer times, at 
higher temperatures, and with lactate solution. Morphological studies revealed 
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redoximorphic feature development in columns which were treated at higher 
temperatures, with lactate solution, and for longer periods of saturation. Ferrous iron 
was qualitatively identified using a,a - dipyridyl in all column soils regardless of 
treatment. 
Eh-pH diagrams for the results obtained from the column studies showed that 
with the exception of columns treated at 6°C for 10 weeks, Eh values were located 
in the Fe2+ stability field. Results of micromorphological analysis of the column soils 
showed significant evidence of the dissolution of iron bearing minerals. This was 
better expressed in columns treated at higher temperatures and at longer time periods 
as compared to columns treated at lower temperatures and shorter times. 
Point counts of the different micromorphological features indicated that the 
weathering of grains, development of grain cutans, and dissolution of Fe nodules were 
more pronounced in columns treated at higher temperatures and longer times. X-ray 
diffraction patterns revealed that the formation of lepidocrocite was related to the 
presence of reducing conditions. Such environments were simulated in columns 
treated with lactate solution, higher temperatures, and longer duration. 
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APPENDIX 
SOIL PROFILE DESCRIPTIONS 
Pedon 1 
Location: Southwick, Massachusetts Series: Wethersfield 
Classification: Typic Dystrochrept, coarse-loamy, mixed, mesic 
Horizon Depth (cm) 
Ap 0-18 
Bw 18-27 
Btl 27-48 
Bt2 48-55 
C 55-120 
Description 
Dark brown (7.5YR 3/4) fine sandy loam; weak fine 
granular structure; friable; many fine, few coarse, and 
few very coarse roots; smooth gradual boundary. 
Dark yellowish brown (10YR 4/6) medium loamy sand 
with common fine distinctive strong brownish mottles 
(7.5YR 5/8); weak medium subangular blocky structure; 
friable; few fine and few coarse roots; smooth gradual 
boundary. 
Dark brown (7.5YR 4/4) coarse silt loam with few fine 
faint grayish brown mottles (10YR 5/2); moderate very 
fine subangular blocky structure; friable; few fine roots; 
smooth abrupt boundary. 
Reddish brown (5YR 4/4) coarse silt loam with few 
medium prominent dark red mottles (2.5YR 3/6); 
moderate fine subangular blocky structure; friable to firm; 
few fine and few coarse roots; smooth diffuse boundary. 
Dark reddish brown (5YR 3/4) medium loamy sand with 
common medium distinct red mottles (2.5YR 4/6); strong 
medium subangular blocky structure; firm; smooth diffuse 
boundary. 
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Pedon 2 
Location: South wick, Massachusetts Series: Ludlow 
Classification: Aquic Dystrochrept, coarse-loamy, mixed, mesic 
Horizon Depth (cm) Description 
Ap 0-19 Dark brown (10YR 4/3) fine sandy loam; moderate coarse 
granular structure; friable; many fine and few coarse 
roots; smooth clear boundary. 
Bwl 19-24 Yellowish brown (10YR 5/6) medium silt loam with few 
common distinctive strong brown mottles (7.5YR 5/6); 
weak medium granular structure; friable; many common 
and few coarse roots; wavy gradual boundary. 
Bw2 24-40 Reddish yellow (7.5YR 7/6) medium silt loam; moderate 
weak subangular blocky structure; friable; few fine and 
few medium roots; smooth diffuse boundary. 
Bt 40-85 Brown (7.5YR 5/4) medium silt loam; with few common 
faint reddish brown mottles (5YR 5/4); clear 2-3 mm clay 
skins on ped faces; moderate/coarse medium subangular 
blocky structure; friable; few fine and few medium roots; 
smooth diffuse boundary. 
C 85-120 Reddish brown (5YR 5/4) coarse silt loam with few 
common distinctive red (2.5YR 5/6) and few fine 
distinctive tight gray mottles (10YR 7/2); moderate/coarse 
platy to angular structure; moderate; few medium roots; 
smooth diffuse boundary. 
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Pedon 3 
Location: Southwick, Massachusetts Series: Wilbraham 
Classification: Typic Endoaquept, coarse-loamy, mixed, mesic 
Horizon Depth (cm) Description 
A 0-23 Very dark gray (10YR 4/1) fine sandy loam; moderate 
fine granular structure; friable; many fine, few coarse, 
and few medium roots; smooth abrupt boundary. 
Bw 
2C2 
23-37 Yellowish brown (10YR 5/4) fine sandy loam with 
common fine faint brown (10YR 5/6) and common few 
distinctive gray (10YR 5/1) mottles; moderate medium 
subangular blocky structure; friable; many medium, few 
coarse, and few fine roots; smooth clear boundary. 
37-64 Grayish brown (2.5Y 5/2) fine sand with common fine 
distinctive strong brown mottles (7.5YR 5/6); massive 
structure; friable; few fine roots; smooth abrupt boundary. 
64-110 Brown (7.5YR 5/2) coarse sand; massive structure; loose; 
smooth abrupt boundary. 
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Pedon 4 
Location: Southwick, Massachusetts Series: Wilbraham 
Classification: Typic Endoaquept, coarse-loamy, mixed, mesic 
Horizon Depth (cm) Description 
A 0-17 Brown to dark brown (10YR 4/3) fine sandy loam with 
few coarse faint yellowish brown mottles (10YR 5/6); 
medium moderate granular structure; friable; few 
medium, many fine, and few coarse roots; smooth diffuse 
boundary. 
Bwl 17-23 Very dark grayish brown (2.5Y 3/2) fine sandy loam; 
with few coarse distinctive olive yellow mottles 
(2.5Y 6/6); moderate fine granular structure; friable; 
many medium and few coarse roots; smooth clear 
boundary. 
Bw2 
2C2 
23-69 Light yellowish brown (2.5Y 6/4) fine sandy loam with 
fine many distinctive brownish yellow mottles 
(10YR 6/6); moderate coarse subangular blocky structure; 
few coarse roots; smooth diffuse boundary. 
69-84 Gray to light gray (5Y 6/1) fine sand with many coarse 
distinctive brownish yellow mottles (10YR 6/8); massive 
structure; friable; smooth abrupt boundary. 
84-120 strong brown (7.5YR 5/6) fine sand; massive structure; 
loose; smooth abrupt boundary. 
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Pedon 5 
Location: Southwick, Massachusetts Series: Wilbraham 
Classification: Typic Endoaquept, coarse-loamy, mixed, mesic 
Horizon Depth (cm) Description 
A 0-14 Dark brown (10YR 4/3) fine sandy loam with few 
medium distinctive brownish yellow mottles (10YR 6/8); 
moderate medium granular structure; friable; many fine 
and few medium roots; many oxidized rhizospheres; 
smooth clear boundary. 
Bw 14-30 Light yellowish brown (2.5Y 6/4) medium sandy loam 
with few coarse distinctive reddish yellow mottles 
(7.5YR 6/8); moderate medium angular blocky structure; 
friable; few fine roots; smooth clear boundary. 
Cg 30-60 Light gray (5Y 7/2) fine sand with many medium 
distinctive brownish yellow mottles (10YR 6/8); massive 
structure; friable; few fine roots; smooth abrupt boundary. 
2C2 60-120 Reddish yellow (5YR 6/8) coarse sandy; massive 
structure; loose; smooth abrupt boundary. 
231 
REFERENCES 
Allen, B.L. and B.F. Hajek. 1989. Mineral occurrence in soil environments. In J.B. 
Dixon and S.B. Weed (eds.) Minerals in soil environments. SSSA Book 
Series, no. 1. Madison, WI. 
Atlas, R.M. and R. Bartha. 1987. Microbial ecology: Fundamentals and applications. 
second (ed). Benjamin/Cummings Publishing Company, Inc., CA. 
Ballantyne, A.K., O.W. Anderson, and H.B. Stonehouse. 1980. Problems associated 
with extracting Fe and A1 from Saskatchewan soils by pyrophosphate 
and low speed centrifugation. Can. J. Soil Sci. 60:141-143. 
Bamhisel, R.I. and P.M. Bertsch. 1989. Chlorites and hydroxy-interlayered 
vermiculite and smectite. In J.B. Dixon and S.B. Weed (eds.) Minerals 
in soil environments. SSSA Book Series, no. 1. Madison, WI. 
Birkeland, P.W. 1984. Soils and morphology. Oxford University Press, Inc., New 
York, N.Y. 
Borggaard, O. K. 1988. Phase identification by selective dissolution techniquesp. 
p.82-98. In Joseph W. Stucki, Bernard A. Goodman, and Udo 
Schwertmann (eds.) Iron in soils and clay minerals. D. Reidel, 
Dordrecht. 
Bouma, J. 1983. Hydrology and soil genesis of soils with aquic moisture regimes. 
p.253-281 In L.P. Wilding, N.E. Smeck and G.F. Hall (eds). 
Pedogenesis and Soil Taxonomy. Elsevier Science Publishing Co., Inc. 
New York, N.Y. 
Bouma, J., G.A. Fox, and R. Miedema. 1990. Micromorphology of hydromorphic 
soils: Applications for soil genesis and land evaluation. In Douglas, 
L.A. (ed.) Soil micromorphology: A basic and applied science. 
Developments in Soil Science No. 19. Elsevier Science Publishing Co., 
Inc. New York, NY. 
Brady, K. S., Bigham J. M., Jaynes W. F., and Logan T. J. 1986. Influence of 
sulfate on Fe-oxide formation: Comparison with a stream receiving acid 
mine drainage. Clays and Clay Minerals. 34:266-274. 
Brewer, R. 1964. Fabric and mineral analysis of soils. Wiley, New York. N.Y. 
232 
Bullock, P., Federoff, N., Jongerius, A., Stoops, G., Tursina, T., and Babel, U. 
1985. Handbook for soil thin section description. Waine Research 
Publications, Mount Pleasent, UK. 
Callebaut, F., D. Gabriels, W. Minjauw, and M. DE Boodt. 1982. Redox potential, 
oxygen diffusion rate, and soil gas composition in relation to water 
table level in two soils. Soil Sci. 134:149-156. 
Carlson, L. and U. Schwertmann. 1981. Natural ferrihydrites in surface deposits from 
Finland and their association with silica. Geochim. Cosmochim. Acta 
45:421-429. 
Childs, C.W. 1981. Field tests for ferrous iron and ferric-organic complexes (on 
exchange sites or in water-soluble forms) in soils. Aust. J. Soil Res. 
19:175-180. 
Chukhrov, F.V., B.B. Zuyagin, L.P. Ermilova, and A.I. Govshkov. 1973. New data 
on iron oxides in the weathering zone. p. 333-341. In J.M. Serratosa 
et al. (eds.) Proc. Int. Clay Conf., Madrid. 1972. 
Clarke, E. T., Loeppert, R. H., and Ehram, J. M. 1985. Crystallization of iron 
oxides on calcite surfaces in static systems. Clays and Clay Minerals. 
33:152-158. 
Couto, W., C. Sanzonowicz and A. de O. Barcellos. 1985. f actors affecting 
oxidation-reduction processes in an Oxisol with a seasonal water table. 
Soil Sci. Soc. Am. J. 49:1245-1248. 
Curi, N. and D.P. Franzmeier. 1984. Toposequence of oxisols from the central 
plateau of Brazil. Soil Sci. Soc. Am. J. 48:341-346. 
Dobos, R.R., E.J. Ciolkosz and W.J. Waltman. 1990. The effect of organic carbon, 
temperature, and redox conditions on soil color. Soil Sci. 150:506-512. 
Douglas, L.A. 1989. Vermiculites. In J.B. Dixon and S.B. Weed (eds.) Minerals in 
soil environments. SSSA Book Series, no. 1. Madison, WI. 
Eslinger, E. and D. Pevear. 1988. Clay minerals for petroleum geologists and 
engineers. SEPM short course notes no. 22. 
233 
Evans, C.V. and D.P. Franzmeier. 1986. Saturation, aeration, and color patterns in 
a toposequence of soils in north-central Indiana. Soil Sci. Soc. Am. J 
50:975-980. 
Evans, C.V. and D.P. Franzmeier. 1988. Color index values to represent wetness and 
aeration in some Indiana soils. Geoderma 41:353-368. 
Fanning, D.S., V.Z. Keramidas, and M.A. EL-Desoky. 1989. Micas In J.B. Dixon 
and S.B. Weed (eds.) Minerals in soil environments. SSSA Book 
Series, no. 1. Madison, WI. 
Farooqi, M.A.R. and C.J. DeMooy. 1983. Effect of soil saturation on redox potential 
and microbial activity. Commun. in Soil Sci. Plant Anal. 14(3): 185- 
197. 
Faulkner, S.P., W.H. Patrick Jr., and R.P. Gambrell. 1989. Field techniques for 
measuring wetland soil parameters. Soil Sci. Soc. Am. J. 53:883-890. 
Franzmeier, D.P., J.E. Yahner, G.C. Steinhardt, and H.R. Sinclair. 1983. Color 
patterns and water table levels in some Indiana soils. Soil Sci. Soc. 
Am. J. 47:1196-1202. 
Guthrie, R.L. and B.F. Hajek. 1979. Morphology and water regime of a Dothan soil. 
Soil Sci. Soc. Am. J. 43:142-144. 
Harlan, P.W. and D.P. Franzmeier. 1974. Soil-water regimes in Brookston and 
Crosby soils. Soil Sci. Soc. Am. Proc. 38:638-643. 
Hartel, P.G. and M. Alexander. 1983. Growth and survival of cowpea rhizobia in 
acid, aluminum-rich soils. Soil Sci. Soc. Am. J. 47:502-506. 
Hubert, J.F. and A.A. Reed. 1978. Red-bed diagenesis in the East Berlin formation, 
Newark group, Connecticut Valley. J. Sed. Petrology 48:175-184. 
Karim, Z. 1984. Characteristics of ferrihydrites formed by oxidation of FeCl2 
solutions containing different amounts of silica. Clays and Clay 
Minerals. 32: 181-184. 
Khouri, N. 1989. Phosphate sorption in soils and reference oxides under varying pH 
and redox conditions. Ph.D. dissertation. University of Massachusetts, 
Amherst, Mass. 
234 
Kodama, H. and Wang, C. 1989. Distribution and characterization of noncrystalline 
inorganic components in spodosols and spodosol-like soils. Soil Sci. 
Soc. Am. J. 53:526-534. 
Krishnamurti, G.S.R. and P.M. Huang. 1993. Formation of lepidocrocite from iron 
(II) solutions: Stabilized by citrate. Soil Sci. Soc. Am. J. 57:861-867. 
Lambe, T.W. 1951. Soil testing for engineers. John Wiley & Sons, Inc. New York. 
NY. 
Landuydt, C.J. 1990. Micromorphology of iron minerals from bog ores of the 
Belgian Campine area. In Douglas, L.A. (ed.) Soil micromorphology: 
A basic and applied science. Developments in Soil Science No. 19. 
Elsevier Science Publishing Co., Inc. New York, NY. 
Light, T.S. 1972. Standard solution for redox potential measurements. Anal. Chem. 
44:1038-1039. 
Lindbo, D. 1990. Nature and properties of fragipans in Massachusetts. Ph.D. 
dissertation. University of Massachusetts, Amherst, MA. 
Lindsay, W. L. 1979. Chemical equilibria in soils. Wiley-Interscience, New York, 
NY. 
Loveland, P.J. 1988. The assay for iron in soils and clay minerals, p.99-140 In 
Joseph W. Stucki, Bernard A. Goodman, and Udo Schwertmann (eds.) 
Iron in soils and clay minerals. D. Reidel, Dordrecht. 
Lynch, J.M. 1982. Limits to microbial growth in soil. J. General Microbiology 
128:405-410 
Macedo, J. and Bryant, R. B. 1989. Preferential microbial reduction of hematite 
over goethite in a Brazilian oxisol. Soil Sci. Soc. Am. J. 53:1114-1118. 
McKeague, J. A. 1967. An evaluation of 0.1 M pyrophosphate and pyrophosphate- 
dithionite in comparison with oxalate as extractants of the accumulation 
products in podzols and some other soils. Can. J. Soil Sci. 47:95-99. 
McKeague, J. A., Brydon, J. E., and Miles, N. M. 1970. Differentiation of forms 
of extractable iron and aluminum in soils. Soil Sci. Soc. Amer. Proc. 
35:33-38. 
235 
McKeague, J. A. and Schuppli, P. A., 1982. Changes in concentration of Fe and A1 
in pyrophosphate extracts of soil and composition of sediment resulting 
from ultracentrifugation in relation to spodic horizon criteria. Soil Sci. 
134:265-270. 
Mehra, O.P. and M.L. Jackson. 1960. Iron oxide removal from soils and clays by 
dithionite-citrate-bicarbonate system buffered with sodium bicarbonate. 
Clays and Clay Minerals 7:317-327. 
Moore, P.A. Jr. and W.H. Patrick Jr. 1989. Iron availability and uptake by rice in 
acid sulfate soils. Soil Sci. Soc. Am. J. 53:471-476. 
Moore, D.M and R.C. Reynolds, Jr. 1989. X-ray diffraction and the identification 
and analysis of clay minerals. Oxford University Press, New York, 
NY. 
Munch, J.C. and J.C.G. Ottow. 1980. Preferential reduction of amorphous to 
crystalline iron oxides by bacteria activity. Soil Sci. 129:15-21. 
Nelson, D.W. and Sommers, L.E. 1982. Total carbon, organic carbon, and organic 
matter. In: Methods of Soil Analysis, Part 2. Amer, Soc. Agron., 
Madison, WI. 
Ottow, J.C.G. 1968. Evaluation of iron-reducing bacteria in soil and the physiological 
mechanism of iron reduction by Aerobacter aerogenous. Z. Allg. 
Mikrobiol 8:441-443. 
Ottow, J.C.G. 1969. The distribution and differentiation of iron-reducing bacteria in 
gley soils. Zentralbl. Bakteriol Parasitenkde. Infektionskr. Hyg. 123 
(2):600-615. 
Ottow, J.C.G. and H. Glathe. 1971. Isolation and identification of iron-reducing 
bacteria from gley soils. Soil Biol. Biochem. 3:43-55. 
Patrick, W.H. Jr. and R.E. Henderson. 1981. A method for controlling redox 
potential in packed soil cores. Soil Sci. Soc. Am. J. 45:35-38. 
Patrick, W.H., B.G. Williams, and J.T. Morghan. 1973. A simple system for 
controlling redox potential and pH in soil suspensions. Soil Sci. Soc. 
Am. Proc. 37:332-333. 
236 
Pfanneberg, T. and W.R. Fischer. 1984. An aerobic Corynebacterium from soil and 
its capability to reduce various iron oxides. Zentralbl. Mikrobiol. 
139:167-172. 
Pickering, E.W. 1983. Fragipan strength behavior, moisture regimes, and 
morphology of soils in a drainage-toposequence in central 
Massachusetts. M.S. Thesis. University of Massachusetts, Amherst, 
MA. 
Pickering, E.W. and P.L.M. Veneman. 1984. Moisture regimes and morphological 
characteristics in a hydrosequence in central Massachusetts. Soil Sci. 
Soc. Am. J. 48:113-118. 
Ponnamperuma, F.N. 1972. The chemistry of submerged soils. Advances in 
Agronomy, Vol.24. Academic Press, New York, N.Y. 
Rabenhorst, M.C. 1990. Micromorphology of induced iron sulfide formation in a 
Chesapeake bay (USA) tidal marsh. In Douglas, L.A. (ed.) Soil 
micromorphology: A basic and applied science. Developments in Soil 
Science No. 19. Elsevier Science Publishing Co., Inc. New York, NY. 
Ransom, M.D. and N.E. Smeck. 1986. Water table characteristics and water 
chemistry of seasonally wet soils of southwestern Ohio. Soil Sci. Soc. 
Am. J. 50:1281-1290. 
Robinson, G.W. 1949. Soil, their origin, constitution, and classification. 3rd 
ed. Murby, London. 
Ryan, J.N. and Gschwend, P.M. 1991. Extraction of iron oxides from sediments 
using reductive dissolution by Titanium (111). Clays and Clay Minerals 
39:509-518. 
Schulze, D. G. 1981. Identification of soil iron minerals by differential X-ray 
diffraction. Soil Sci. Soc. Am. J. 45:437-440. 
Schwertmann, U. 1985. The effect of pedogenic environments on iron oxide minerals. 
Advances in Soil Sciences, Vol.l. Springer-Verlag, New York, N.Y. 
Schwertmann, U. and W.R. Fischer. 1973. Natural "amorphous" ferric hydroxide. 
Geoderma 10:237-247. 
237 
Schwertmann, U. and R.W. Fitzpatrick. 1977. Occurrence of lepidocrocite and its 
association with goethite in Natal soils. Soil Sci. Soc. Am. J. 41:1013- 
1018. 
Schwertmann, U., H. Kodama., and W.R. Fischer. 1986. Mutual interactions 
between organics and iron oxides. In P.M. Huang and M. Schnitzer 
(eds.) Interactions of soil minerals with natural organics and microbes. 
SSSA Book Series. No. 17. Madison, WI. 
Schwertmann, U., Schulze, D. G., and Murad, E. 1982. Identification of ferrihydrite 
in soils by dissolution kinetics, differential X-ray diffraction, and 
mossbauer spectroscopy. Soil Sci. Soc. Am. J. 46:869-875. 
Schwertmann, U. and Taylor, R. M., 1989. Iron oxides, p.379-438. In Minerals in 
soil environments (2nd edition), SSSA Book Series No. 1. ASA, 
Madison, WI. 
Simonson, G.H. and L. Boersma. 1972. Soil morphology and water table relations: 
II. Correlation between annual water table fluctuations and profile 
features. Soil Sci. Soc. Am. Proc. 36:649-653. 
Soil Survey Staff. 1972. Soil survey laboratory methods and procedures for 
collecting soil samples, USDA. Soil Survey Report No. 1., Lincoln, 
NE. 
Soil Survey Staff. 1990a. Soil Survey Manual: Examination and description of soils. 
USDA, U.S. Government Printing Office, Washington, D.C. 
Soil Survey Staff, 1975. Soil Taxonomy. U.S. Dept. Agric. Handbook No. 436. U.S. 
Government Printing Office, Washington, D.C. 
Soil Survey Staff. 1990b. Keys to Soil Taxonomy. 4th edition. SMSS technical 
monograph. Blacksburg, VI. 
Soil Survey Staff. 1993. Keys to Soil Taxonomy, 5th edition. SMSS technical 
monograph. Blacksburg, VI. 
Taylor, R.M. and A.M. Graley. 1967. The influence of ionic environment on the 
nature of iron oxides in soils. J. Soil Sci. 18:341-348. 
238 
Tiner, R.W., Jr. and P.L.M. Veneman. 1989. Hydric soils of New England. 
University of Massachusetts Cooperative Extension, Bulletin C-183R, 
Amherst, MA. 27 pp. 
Van Houten. 1973. Origin of red beds: A review 1961-1972. Annual Review Earth 
and Planetary Sci. 1:39-61. 
Veneman, P.L.M., M.J. Vepraskas., and J. Bouma. 1976. The physical significance 
of soil mottling in a Wisconsin toposequence. Geoderma 15:103-118. 
Vepraskas, M.J., Baker, F.G., and J. Bouma. 1974. Soil mottling and drainage in a 
mollic hapludalf as related to suitability for septic tank construction. 
Soil Sci. Soc. Am. Proc. 38:497-501. 
Vepraskas, M.J. and J. Bouma, 1976. Model studies on mottle formation simulating 
field conditions. Geoderma 15:217-230. 
Vepraskas, M.J. and L.P. Wilding. 1983. Aquic moisture regimes in soils with and 
without low chroma colors. Soil Sci. Soc. Am. J. 47:280-285. 
Walker, T.R. 1976. Diagenetic origin of continental permian in Central, West, and 
South Europe. Reidel Publ. Co., Dordrecht, Holland. 
Whitting, L.D. and W.R. Allardice. 1986. X-ray diffraction techniques. In Klute, A. 
(ed.) Methods of soil analysis, part 1. Agronomy monograph no, 9 
(2nd Edition). ASA, SSSA, Madison, WI. 
Zobeck, T.M. and A. Ritchie, Jr. 1984. Analysis of long-term water table depth 
records from a hydrosequence of soils in central Ohio. Soil Sci. Soc. 
Am. J. 48:119-125. 
Zobeck, T.M. and A. Ritchie, Jr. 1984. Effect of study duration on measurements 
of water table depths. Soil Sci. Soc. Am. J. 48:946-948. 
239 

